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ABSTRACT
The current project undertakes the  first molecular-based phylogenetic s tudy  of 
subfamily Epidendroideae (Orchidaceae). Approximately 1 ,2 0 0  nucleotide bases  (from the  
3 '  half of the  ndhF chloroplast gene) for 3 4  orchid taxa , and a lilioid m onocot,  Olivia 
m iniata. (Amaryllidaceae) w ere  subjected  to  phylogenetic analysis using parsimony 
m ethods .  Oryza sativa (Poaceae), a nonlilioid m onocot w a s  designated as  outgroup.
Using unw eighted  ndhF sequences ,  th e  s trict consensus  cladogram of 531 m ost- 
parsimonious t ree s  supports  the  hypothesis  th a t  the  large subfamily Epidendroideae is 
monophyletic, with Listera (Neottieae) as  sister. Although subtribal-level relationships in 
subfamily Epidendroideae are well resolved in this analysis, tribal-level relationships are 
resolved poorly. A se t  of 13 morphological characters  were combined with unweighted 
ndhF s equences  and used in parsimony analyses. Although the  addition of these  
charac te rs  brings an increased level of resolution to  the  intertribal relationships in 
Epidendroideae, branch support for th ese  relationships is weak. Six taxa  in this s tudy  
exhibit deletions th a t  are not evenly divisible by three which results  in extensive sequence  
fram eshifts . This su g g e s ts  th a t  ndhF m ay be a pseudogene, in th e s e  six taxa . A 
maximum likelihood analysis w a s  also undertaken to  infer phylogenetic relationships for the  
taxa  included in this study . To determine the  maximum likelihood tree  with the  g rea tes t  
log likelihood, an array of transversion weighing param eters  and jumble seed s  w ere  used  in 
this analysis. A tree  with the  g rea tes t  log likelihood value (-7 ,473 .95 )  w a s  discovered 
w ith  a transversion param eter of 1 .1. This maximum likelihood tree, s u g g e s ts  th a t  
subfamily Epidendroideae is monophyletic with Listera (Neottieae) a s  sister. Although 
t re e s  discovered from th ese  tw o  m ethods  of phylogenetic inference are congruent in m any 
respec ts ,  topological differences typically occur on branches th a t  define intertribal
116
relationships among the  epidendroids. It is hypothesized here th a t  this lack of support  is 
due  to  a rapid radiation of the  epidendroids which coincided with anatomical, 
morphological, and physiological adap ta tions  th a t  allowed the  epidendroids to  pioneer xeric 
epiphytic microhabitats.
x
CHAPTER 1
INTRODUCTION
1
The Orchidaceae J u s s .  is possibly the  largest family of flowering plants.
The growing and selling of orchids (primarily as  g reenhouse  ornamentals) is a world 
w ide business. Vanilla, used to  produce flavoring, is g row n a s  a crop especially in 
Mexico and M adagascar. According to  A tw ood (1986), there  are over 1 9 ,0 0 0  
know n orchid species but a s  m any as  2 3 ,0 0 0  m ay eventually be discovered. 
Orchids are global in distribution (with the  exception of Antarctica), but their 
g rea te s t  diversity occurs in the  tropics of sou theas te rn  Asia and South  America. 
A bout 7 3 %  are epiphytic or lithophytic with the  remainder occupying terrestrial 
hab ita ts  (Atwood, 1986). Although the  orchids appear to  be an easily recognizable 
group, there  are few  fea tures  th a t  consistently  distinguish them  from other 
m onoco ts .  Dressier (1981) lists the  distinguishing fea tu res  of the  family: s ta m e n s  
on the  abaxial side of the  flower; s tam en  and pistil a t  least partially united; seed s  
tiny and numerous; flowers usually with a lip or labellum and typically resupinate; 
pollen usually aggregated into pollinia.
Comprising approximately 8 0 %  of all orchid species , th e  Epidendroideae 
(sensu Dressier, 1993) is the  largest subfamily. Unlike the  remaining subfamilies 
th a t  include mostly  terrestrial species, the  Epidendroideae are typically epiphytic.
At p resent,  there  is no general agreem ent concerning the  higher sy s tem atics  of 
Orchidaceae, especially interfamilial and subtribal relationships. Previous s tud ies  
based  on anatomical/morphological characters  are generally poorly resolved and 
considered tentative (Burns-Balogh and Funk, 1986 ;  Dressier, 1993). No molecular 
s tu d y  addressing orchid relationships above the  tribal level has  been published.
SCOPE OF STUDY
The present work includes several interrelated phylogenetic s tud ies  and 
add resses  the  interrelationships of orchid subfamilies (sensu Dressier, 1993); of the  
tribes and subtribes of subfamily Epidendroideae (sensu Dressier, 1993) ,  and of the  
genera  of subtribe Pleurothallidinae (sensu Pridgeon, 1982). The da ta  consis t  of 
ndhF chloroplast DNA sequences ,  insertion/deletions (INDELS) discovered as  a 
result of th e  sequence  alignment, and anatomical/morphological characters. 
Phylogenetic analyses were performed with the  data s e t  using parsimony and 
maximum likelihood m ethods. Bootstrap confidence values and decay  indices 
(parsimony m ethods), and expected  nucleotide changes  per site  (maximum 
likelihood m ethods) w ere used to  te s t  for tree robustness.
RESEARCH OBJECTIVES 
This dissertation is an exercise in morphological and molecular 
phylogenetics. The specific objectives of this research were: 1) to  t e s t  the  
m onophyly and intertribal relationships of the  orchid subfamily Epidendroideae with 
respec t  to  the  other orchid subfamilies, 2) to  examine the  level of congruence 
be tw een  phylogenetic trees  derived from parsimony and maximum-likelihood 
m ethods, 3) to  a s se s s  the  phylogenetic utility of ndhF s equences ,  INDELS, and 
morphological characters, 4) to  infer phylogeny in subfamily Epidendroideae, 5) to  
infer evolution of certain anatomical/morphological characters  in Orchidaceae and 
subfamily Epidendroideae, and 6) to  infer a phylogeny of subtribe Pleurothallidinae 
using anatomical/morphological characters.
TAXONOMIC HISTORY
Perhaps the  first a t tem p t to  subdivide the  Orchidaceae w a s  m ade  by Lindley 
(1 8 3 0 -1 8 4 0 ) .  For the  approximate 2 ,0 0 0  orchid species known a t  th a t  time, he 
recognized seven  tribes (Malaxideae, Epidendreae, Vandeae, A rethuseae ,
Ophrydeae, Neotteae, Cypripedeae) based on anther num ber and pollinarium 
structure . He treated  A postasiaceae  as  a separa te  family. Lindley has  been nam ed 
the  father of orchidology and his taxonomic trea tm en t  serves as  th e  basis for 
modern orchid classification (Burns-Balogh and Funk, 1986). Lindley w a s  the  first 
author to  distinguish the  vandoid orchids (Vandeae) from the  epidendroid orchids 
(Epidendreae). The uncertain relationship be tw een  the  vandoids and the  
epidendroids has  been a taxonom ic problem th a t  has  been addressed  by 
orchidologists from the  time of Lindley to  the  present.
B en tham 's  (1881) work is seen  to  be merely a modification of Lindley’s 
taxonom ic trea tm en t (Dressier, 1981). Like Lindley, Bentham distinguished the  
Epidendreae from the Vandeae by: 1) the  d istinctness of the  tw o  anther cells, 
which are a lw ays parallel, or nearly so; 2) margins prominent within the  an ther  ca se  
after the  discharge of pollinia; 3) pollinia removal w ithout the  removal of scale gland 
or stipes. In contras t,  the  Vandeae typically have superposed pollinia (if four), 
w eakened  anther margins after pollinia removal, and the  stipe rem oved w ith  the  
pollinia.
Pfitzer (1889) divided the  Orchidaceae into m onandrous and diandrous 
groups which he term ed the M onandrae and Diandrae respectively. He recognized 
tw o  diandrous tribes, and divided the  m onandrous orchids among 29  tribes largely
using vegetative and column characters. Som e orchidologists regard Pfitzer's 
sys tem  as  highly artificial (Dressier 1981 ; Burns-Balogh and Funk, 1986).
Schlechter (1926) relied on anther and pollinarium characters  in recognizing 
four tribes: Cypripedilioideae; Ophrydoideae; Polychrondreae; Kerosphaereae. 
Although the  nam es used by Schlechter w ere  Pfitzer's, th e  nam es  used by Lindley 
(1 8 3 0 -1 8 4 0 )  and Bentham (1881) had priority under the  rules of nom enclature 
(Dressier, 1981). Schlechter’s  sys tem  is still used in som e major herbaria (Burns- 
Balogh and Funk, 1986).
M ansfeld’s (1937) t rea tm en t  of the  m onandrous orchids w a s  viewed by 
Dressier (1981) as  an improvement of Schlechter 's  1 9 2 6  work. His major groups 
w ere  basically those  of Lindley (1830 -1 8 4 0 ) ,  bu t m any genera w ere  m oved among 
the  different groups (Burns-Balogh and Funk, 1986).
Garay (1960) delimited five subfamilies within Orchidaceae: 
Apostasioideae, Cypripedioideae, Neottioideae, Ophrydoideae, Kerosphaeroideae. 
The epidendroids and vandoids w ere  both included in the  Kerosphaeroideae. He 
s ta ted  tha t  a t te m p ts  to  assign a definite position and sequence  of each  of th ese  
subfamilies in a linear arrangem ent w a s  unrealistic since the  groups are constan tly  
in "juxtaposition" with each other.
Dressier and Dodson (1960) recognized tw o  subfamilies in Orchidaceae: 
Cypripedioideae and Orchidoideae. The m onandrous orchids w ere  included in the  
subfamily Orchidoideae. The Epidendreae w a s  recognized as  one of five tribes in 
th e  Orchidoideae. Citing previous au thors w ho  had distinguished the  tribes 
Epidendreae and Vandeae based on pollinium structure  and presence  or ab sence  of
a stipe, Dressier and Dodson argued th a t  th ese  characters  did not sufficiently 
distinguish th ese  groups a s  separa te  tribes. Although Dressier and Dodson 
segrega ted  the  orchids into tribes and subtribes based on their level of 
specialization, the  classification still contained the  principal groups devised by 
Lindley (Burns-Balogh and Funk, 1986). According to  Dressier (1981),  although 
Dressier and Dodson 's  w ork modified Schlechter 's  t rea tm en t  of the  orchids 
so m ew hat ,  it w a s  primarily undertaken to  bring Schlechter’s  t rea tm en t  in line with 
the  rules of nomenclature.
Vermeulen (1966) recognized three families in the  Orchidales: 
A postasiaceae , Cypripediaceae, Orchidaceae. The Orchidaceae included the 
m onandrous orchids and w a s  divided into tw o  subfamilies. The first w a s  the 
Orchidoideae and w a s  characterized as  having a s tam en  th a t  is broadly inserted 
w ith tw o  pollinia, each with a caudicle basally connected  with the  viscidium of the  
rostellum. The second w a s  the  Epidendroideae and w a s  diagnosed as  having a 
s tam en  with filament and 2-8 pollinia. The Epidendroideae w ere  not seen  by 
Vermeulen to  form a hom ogenous group; he described the  Neottianthae as  mostly  
small terrestrial herbs occurring outside the  tropics, w hereas  the  Epidendranthae 
w ere  described as m ostly epiphytes from tropical regions.
Dressier (1981) published a comprehensive taxonom ic t rea tm en t  of the  
Orchidaceae in which he recognized six subfamilies: Apostasio ideae Rchb., 
Cypripedioideae Lindl., Orchidoideae, Spiranthoideae Dressier, Epidendroideae Lindl., 
and Vandoideae Endlicher. He thought the  Epidendroideae w ere  less specialized 
than  the  Vandoideae and contended  th a t  the  one feature th a t  united the  
Epidendroideae w a s  an "incumbent" anther which is erect in the  young flower bud
but subsequently  bends dow nw ard  over the  apex  of th e  column until it is a t  a right 
angle to  the  column axis a t  maturity. By swiveling on its point of a t tachm en t  to  the  
column, this anther type allows for the  successful placem ent of pollen onto  a 
vector. Dressier (1981) believed th a t  the  one feature  th a t  distinguishes the  
Vandoideae from the  Epidendroideae is the  developm ent of the  an ther  which does  
no t bend dow n over the  apex of the  column during developm ent.
R asm ussen  (1985) trea ted  the  orchids as  three distinct families in th e  order 
Orchidales: A postasiaceae, Cypripediaceae, and Orchidaceae. He did not claim 
th a t  his classification w a s  phylogenetic in the  sen se  of all taxa  being monophyletic, 
and he considered som e groups paraphyletic and defined by shared primitive 
characters. In th a t  trea tm ent, the  m onandrous orchids comprised the  Orchidaceae 
and w ere  classified under four subfamilies: Neottioideae, Orchidoideae, 
Epidendroideae, and Vandoideae. As in D ressler 's  1981 work, R asm ussen  (1985) 
m ade a distinction betw een  the  epidendroid and vandoid orchids. The 
Epidendroideae consisted  of eight tribes and w a s  distinguished by an "incumbent" 
an ther with a tunica-like connective and operculate an ther cap, usually hard pollinia, 
and possession  of a t  least one vegetative adaptation for epiphytic life. The 
Vandoideae w a s  segregated by tegular s tipes and even harder pollinia. R asm ussen  
noted th a t  the  inflexion of the  an ther in Vandoideae taxa  began m uch earlier in the  
on togeny of the  gynostem ium  than  in the  Epidendroideae. Because this inflexion 
m ay continue up to  180°, he though t this represented  a further specialization.
Burns-Balogh and Funk (1986) performed a cladistic analysis of the  
Orchidaceae using 4 2  floral and vegetative characters. Their classification
recognized seven  subfamilies: Neuwiedioideae Burns-Balogh and Funk, 
Apostasio ideae, Cypripedioideae, Spiranthoideae, Neottioideae, Orchidoideae, and 
Epidendroideae. Included in th e  subfamily Epidendroideae w ere  ten  tribes and the  
Pleurothallis Group. The vandoid orchids w ere  trea ted  a s  a tribe within the  
subfamily Epidendroideae. The Epidendroideae tribes presented  so m e  problem s to  
Burns-Balogh and Funk (1986) because  of a lack of information on column 
s tructure . Therefore, they  considered their trea tm en t  of th e  Epidendroideae as 
tentative.
Dressier (1989) listed the  characteristics th a t  had previously been used  to  
distinguish the  vandoid orchids from the  epidendroid orchids: 1) early bending of the  
an ther  in floral development, 2) lateral infloresences, 3) reduced num ber of pollinia 
(four or tw o), 4) superposed pollinia (if four), 5) well developed viscidium, and 6) 
tegular stipe. Based on KurzweiPs (1987) floral developmental s tud ies  th a t  
dem ons tra ted  an ther ontogeny in the  vandoid orchids is similar to  th a t  in the  
epidendroid orchids, Dressier (1989) concluded th a t  an ther developm ent is no t a 
character  th a t  distinguishes the  vandoids from the  epidendroids. This finding w a s  
reflected in Dressler’s (1990) revision in which he eliminated the  subfamily 
Vandoideae and distributed its tribes within subfamily Epidendroideae. In th a t  
revision, Dressier recognized 19 tribes in Epidendroideae th a t  w ere  segrega ted  into 
th ree  informal categories: primitive tribes, the  cymbidioid phylad, and the  
epidendroid phylad. The vandoid orchids w ere  distributed am ong both  the  
cymbidioid and epidendroid phylads. Specifically, tribes Malaxideae, Calypsoeae, 
Cymbidieae, and Maxillarieae comprised the  cymbidioid phylad, w hereas  Vandeae
w a s  placed in the  epidendroid phylad. Dressier (1993) contended  th a t  the  vandoid 
orchids as  a group are polyphyletic in th a t  the  tribe Vandeae is not closely related to  
the  other vandoid tribes.
Dressier (1993) published his second comprehensive taxonom ic t rea tm en t  
of the  orchids and recognized five subfamilies: Apostasioideae, Cypripedioideae, 
Spiranthoideae, Orchidoideae, and Epidendroideae. The Epidendroideae consis ted  of 
11 tribes and 38  subtribes. In th a t  revision. Dressier retained th e  informal 
cymbidioid and epidendroid phylads but removed the  "primitive" tribes from the  
Epidendroideae and referred to  them  as  'primitive orchids with uncertain affinities in 
Orchidaceae '.
As defined by Dressier (1993), the  epidendroid phylad is distinguished by the  
presence of eight pollinia in its primitive m em bers and includes m o st  taxa  with a 
reed-stem  grow th  habit. Within the  epidendroid phylad. Dressier recognized the  
informal dendrobioid subclade which he characterized as  having uniquely derived 
spherical silica bodies, frequent upper lateral inflorescences, and chrom osom e 
num bers limited to  38 , 4 0 ,  and 4 2 .  Dressier characterized m ost  of the  cymbidioid 
phylad m em bers  as  having vandoid characteristics. Dressler's taxonom ic t rea tm en t  
is adop ted  in this s tudy  as  it represen ts  the  m ost  current revision of the  
Orchidaceae and a t te m p ts  to  apply the  principles of cladistics to  infer relationships 
in Orchidaceae. Recent classification sy s tem s  for subfamilies Epidendroideae and 
Vandoideae are presented  in Table 1.1.
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Table 1.1 Recent classification sys tem s  of subtribes Epidendroideae and 
Vandoideae.
Taxonom ist Epidendroideae Vandoideae
Dressier (1993) Malaxideae
Calypsoeae 
Cymbidieae 
Maxillarieae 
Stanhopeinae .
Oncidiinae
Arethuseae
Coelogynae
Epidendreae (New World)
Epidendreae (Old World)
Podochileae
Dendrobieae
Vandeae
Balough & Funk (1986) Malaxideae
Maxallarieae
Arethuseae
Coelogyneae
Epidendreae
Dendroibieae
Vandeae
Vanillieae
Gastroidieae
Triphoreae
Pleurothaliis Group
(table cont'd)
Rasm ussen  (1985)
Dressier (1981)
Malaxideae
A rethuseae
Coelogyneae
Epipogieae
Epidendreae
Vanilleae
Gastrodieae
Malaxideae
Calypsoeae
A rethuseae
Coelogyneae
Epidendreae
Vanillieae
Gastrodieae
Epipogieae
Cryptarrheneae
Maxillarieae
Cymbidieae
Vandeae
Polystachyeae
Maxillaireae
Cymbidieae
Vandeae
Polystachyeae
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ORIGINS
There is no general agreem ent on the  time and place of origin for 
Orchidaceae, but several authorities have postulated a Cretaceous S ou theas t  Asian 
origin (Garay, 1972 ; Benzing, 1 9 8 7 ;  Arditti, 1992). According to  Garay (1960), the  
association of primitive with advanced  characters  found in each  of the  major orchid 
groups speaks in favor of considering th e  orchid family as  one of those  groups 
established relatively early during the  evolution of Angiosperms. The presence  of 
pseudocopulation in som e orchid genera w a s  mentioned by Garay a s  additional 
support for an early orchid origin. He reasoned th a t  if the  orchid family evolved 
relatively recently, such  a precarious ad justm ent be tw een  the  flowering time and 
the  emergence of the  fertilizing agen ts  could hardly have com e about. According to  
Raven and Axelrod (1974) the  tw o  least specialized subfamilies (Apostasioideae and 
Cypripedioideae) are Laurasian and mainly e a s t  Asian; which m ay sugges t  the  area 
of orchid origin. According to  Benzing (1987), tropical fo rests ,  with their canopies 
suitable for epiphytic grow th, probably a rose  in the  early Tertiary period. Once 
epiphytism w a s  possible, orchid diversity increased due  to  expanding emigration 
and subsequen t  radiation. At present,  all bu t one subfamily (Apostasioideae) has  a 
range th a t  ex tends  across  several continents . However, tribal and lower taxonom ic 
levels tend  to  be localized. For example, less  than  5%  of the  approximate 8 0 0  
orchid genera are found in both the  Old and New Worlds (Benzing, 1987).
Although fossils m ay provide evidence for the  early history of a group, the  
Orchidaceae has  no positive or useful fossil record (Schmid and Schm id ,1977 ;
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Benzing, 1 9 8 7 ;  Dressier, 1993). Four macrofossils  {Antholithes, Paleorchis, 
Protorchis, Orchidacites) have been attributed by various experts  to  the  orchids or 
protorchids. According to  Benzing (1987), none of the  com pressed  sh o o ts ,  tubers , 
or fruits represented by th ese  fossils can be assigned to  any  modern orchid form  
w ithou t serious reservation, nor is their relegation to  the  Liliopsida beyond 
challenge. Schmid and Schmid (1977) s ta ted  th a t  th ese  fossils are hardly reliable 
records for the  Orchidaceae since they  w ere  assigned to  th is  family on purely 
superficial grounds.
Schmid and Schmid (1977) attributed the  lack of fossil evidence to  the  
following characteristics of m o st  Orchidaceae: 1) predom inant occurrence, both in 
th e  present and presumably in the  d istant past,  in th e  w e t  tropics, w hich are areas 
of rapid decay , 2) herbaceous habit, 3) epiphytic habit, which would generally 
preclude orchids from the  conditions (usually aquatic) m o s t  conductive to  
fossilization, 4) production of pollinia (usually) rather than  individual pollen grains, 
and dispersion of th ese  by animal vectors  instead of by wind, and 5) minute, easily 
degradable seeds . Even if orchid pollen w ere  preserved a s  fossils, it m ay no t be 
recognized as  such. Botanists could easily fail to  recognize fossilized pollen of 
orchidaceous forms if orchids had not yet evolved pollinia. Individual pollen grains 
derived from fragm ented pollinia might no t be identifiable a s  orchid pollen.
Wolter and Schill (1985) te s ted  the  resis tance  to  degradation of several 
types  of orchid pollen packaging (monads, te trads ,  m assu lae , pollinia) to  acetolysis. 
T e trads  are held together  in groups by "elastoviscin," th u s  forming a pollinium.
Their s tudy  show ed  th a t  elastoviscin is susceptible to  acetolysis. Furthermore,
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their s tudy  also suggested  th a t  pollen accesso ry  s truc tu res  (caudicles, viscidia, 
stipes) are not res is tan t  to  acetolysis. They concluded th a t  if m icroorganisms and 
tim e have not destroyed  typical features of orchid pollinia, acetolysis, routinely used  
in processing fossil pollen, would do so.
MYCORRHIZA
Mycorrhiza is a term  th a t  refers to  the  symbiotic relationship be tw een  a 
fungus and the  roots  of a vascular plant. An understanding of orchid reproduction, 
physiology, root anatom y, and ecology requires a basic knowledge of this 
relationship.
M ost orchid seed s  canno t germinate w ithout a mycorrhizal infection; 
how ever, m ature  plants seem  less  dependen t on th is  relationship (Dressier, 1981). 
Orchid mycorrhizal fungi have traditionally been classified in the  form genus  
Rhizoctonia. Once the  sexual s ta g e s  of th ese  fungi becom e know n, they  are 
typically reassigned to  other fungal genera. Orchid se ed s  canno t u se  their ow n  lipid 
reserves, break dow n  starch , nor photosynthesize . Therefore, they  are totally 
reliant on a mycorrhizal infection to  foster successfu l  germination. As described by 
Arditti (1992), the  infection of orchid seed s  begins with a fungal penetration of the  
te s ta  a t  the  suspenso r  end of the  seed  and sp reads  to  adjacent cells by m eans  of 
single hypha. Hyphae subsequently  branch and form a ne tw ork  called a "pelton." 
These  peltons rupture and release their con ten ts  into the  orchid cells. It is 
presum ed th a t  th e  pelton con ten ts  provide the  orchid with nutrients  th a t  include 
sugars ,  vitamins, and amino acids. After successfu l infection, th e  seed  develops 
into a protocorm. As the  protocorm s grow, rhizoids are produced and hyphae grow
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into them  as  well. No specific m echanism  is known th a t  su g g es ts  the  fungus is 
a ttrac ted  to  the  seed . At present, the  evidence sugges ts  th a t  the  fungus 
encoun ters  the  seed  by chance.
Orchid roots  are penetrated  by fungi through epidermal cells or root hairs.
The roo ts  of terrestrial species  are often heavily infected, w hereas  th o se  of 
epiphytic species  becom e infected only after coming into con tac t  with a fungus- 
containing su b s tra te  (Arditti, 1992). Digestion of the  fungus occurs soon  after 
infection in "digestion" cells. In som e orchids, the  outer cells of the  root ac t  as  a 
hos t  layer w here  the  hyphae are not digested (Dressier, 198; Arditti, 1992). 
According to  Arditti (1992), phospha tases  seem  to  play a role in the  digestion of 
fungal hyphae, and probably help to  localize the  fungus and to  release its cell 
con ten ts .
PREVIOUS PHYLOGENETIC ANALYSES 
The Orchidaceae has  all the  characteristics of a family in active evolution; 
unfortunately, this results  in m any of its morphological and anatomical charac te rs  
displaying high levels of hom oplasy (Dressier, 1993). To date , few  cladistic s tud ies  
of anatomical-morphological characters  have been performed. As previously 
d iscussed , Burns-Balogh and Funk (1986) analyzed 4 2  floral and vegetative 
charac te rs  in a cladistic s tudy  of Orchidaceae. A lack of information on th e  column 
struc tu re  in the  largest subfamily, Epidendroideae, renders th a t  s tudy  incomplete 
and ten ta tive . D ressler 's  1 9 9 3  phylogenetic t rea tm en t of the  Orchidaceae used  few  
charac te rs  and w a s  not subjec ted  to  parsimony analysis; in th a t  trea tm en t  Dressier 
used only 12 charac te rs  to  infer a tribal-level phylogeny of the  Epidendroideae. No
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molecular-based s tudy  above th e  tribal level in Orchidaceae has  been published.
This present s tudy  is the  first a t tem p t  to  resolve the  phylogeny of subfamily 
Epidendroideae through analysis of molecular characters.
PHYLOGENETIC INFERENCE METHODS 
Inferring phylogenetic relationships from molecular da ta  requires the  
selection of an  appropriate m ethod  from an  array of techniques (Swofford and 
Olsen, 1990). Inferring a phylogeny is an es tim ate  of an evolutionary history based 
on incomplete information. In the  con tex t of molecular sys tem atics ,  direct 
information about the  past is generally unavailable; a c ce ss  is thus  restricted to 
contem porary  species  and m olecules (Swofford and Olsen, 1990).
T w o assum ptions are necessary  in all molecular-based m ethods  of analysis:
1) independence among characters  which allows the  trea tm en t  of each position as 
a separa te  entity in computational algorithms (i.e., num bers of substitu tions can be 
minimized separately  position by position, and then  sum m ed over all positions in a 
parsimony algorithm, or probabilities can be multiplied over all positions in a 
maximum likelihood approach), and 2) homology of character s ta te s  (i.e., a 
character is defined such  tha t  all s ta te s  observed over all taxa  for th a t  particular 
character have been derived from a corresponding s ta te  observed in the  com m on 
ancestor). If phylogenetic relationships are to  be inferred from molecular 
relationships, the  definition of homology m ust  be further restricted to  include only 
orthologous, a s  opposed to  paralogous genes  (Swofford and Olsen, 1990).
Of the  existing numerical approaches to  inferring phylogenies directly from 
the  character da ta , m ethods  based on the  principle of maximum parsimony have 
been the  m ost  widely used by far (Swofford and Olsen, 1990). Inferring phylogeny
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through parsimony m ethods  opera tes  by selecting trees  th a t  minimize tree  length 
(Felsenstein, 1983 ;  Swofford and Olsen, 1 990 ;  Swofford and Begle, 1993). The 
theory  behind parsimony analysis is th a t  a  simple hypothesis  is preferable to  m ore 
complicated or ad hoc hypothesis.
A s described by Felsenstein (1983), parsimony is a criterion th a t  is ancillary 
to  the  Hennigan (1966) sy s tem . That is, Hennig gave a clear description for 
inferring phylogeny if there  are no incongruencies am ong the  characters .  W hen 
faced by a conflict be tw een  characters, Hennig did not advocate  a m ethod of 
com prom ise but recom m ended th a t  the  full s e t  of characters  be reexamined until 
th e  charac te rs  th a t  had been misinterpreted are discovered.
Camin and Sokal (1965) w ere the  first researchers to  use  parsimony to  
reconstruc t  phylogeny (Felsenstein, 1983 ; Swofford and Olsen, 1990). In th a t  
s tudy , Camin and Sokal applied parsimony m ethods  to  discretely coded 
morphological characters  to  deduce  branching sequences .  They assum ed  th a t  the  
ancestral s ta te  w a s  known and tha t  characters  could not revert from a derived s ta te  
back to  a plesiomorphic s ta te .  It is highly unlikely th a t  the  assum ption  of 
irreversibility could be justified for m ost  types  of molecular da ta  (Swofford and 
Olsen, 1990).
Eck and Dayhoff (1966) performed one of the  earliest large-scale 
applications of parsimony m ethods  dealing with protein sequences .  Parsimony 
m ethods  based  on their "ancestral sequence  m ethod" to  infer phylogeny have been 
widely applied to  protein and nucleic acid sequences  (Felsenstein, 1983).
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Formalized by Kluge and Farris (1969), W agner parsimony a ssu m e s  th a t  any 
transform ation from one character s ta te  to  another follows a defined order. Thus it 
is appropriate for binary, ordered, multistate  and continuous charac te rs  (Swofford 
and Olsen, 1990). Fitch (1971) generalized the  W agner m ethod to  allow unordered 
m ultis tate  characters. Thus, th is  parsimony m ethod  is appropriate for nucleotide 
and protein sequences . Both W agner and Fitch parsimony m ethods  allow 
reversibility from one character s ta te  to  another.
According to  Felsenstein (1983), unweighted parsimony m ethods  a ssum e  
th a t  all characters  have equal ra tes  of change, a condition th a t  is m anifestly not 
m et in m uch data . However, he advocated th a t  if all the  characters  change 
sufficiently slowly, they  should be weighted equally, even if they  do not change  a t 
equal ra tes . He, therefore, justified the  use of equal ra tes  of change employed in 
m o st  parsimony m ethods.
W eighted parsimony can  be used with molecular da ta  to  a t tach  greater 
im portance to  transversions than  to  transitions by assigning c o s ts  such  th a t  
changes  b e tw een  tw o  purines or tw o  pyramidines receive lower w eight than  
transversion changes. Swofford and Olsen (1990), thought th a t  a priori weighting 
of different kinds of changes d o es  not introduce an  unacceptab le  level of 
subjectivity into the  analysis a s  an assum ption  of equal w eigh ts  is itself a strong 
assum ption . They s ta ted  th a t  even w hen  there  is no es tim ate  of how  m uch  more 
frequently transitions occur than  transversions, a transversion-transition ratio such  
as  1.1:1 weighting m ay be desirable.
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Parsimony m ethods  m ay yield inconsistent es t im a tes  of the  evolutionary tree  
w hen  am oun ts  of evolutionary change in different lineages are sufficiently unequal 
(Felsenstein, 1978 ; H asegaw a and Fujiwara, 1993). M ost da ta  involve m odera te  to  
large am oun ts  of change, and in th ese  ca se s ,  parsimony m ethods  can  fail 
(Felsenstein, 1981). To apply a maximum likelihood approach, a concre te  model of 
th e  evolutionary process  tha t  converts  one sequence  to  another m u s t  be specified.
A maximum likelihood approach to  phylogenetic inference evaluates  the  net 
likelihood th a t  the  given evolutionary model will yield the  observed sequences ,  and 
the  inferred phylogenies are th o se  with the  h ighest likelihood (Swofford and Olsen, 
1990). The maximum likelihood model accoun ts  for substi tu tions  occurring more 
frequently be tw een  pairs of physicochemically similar sites  (H asegaw a and 
Fujiwara, 1993), and is suitable in problems w here  the  am oun t of da ta  is limited 
(Goldman, 1990). A ssum ptions of the  maximum likelihood model are: 1) each  site  
evolves independently, 2) different lineages evolve independently, 3) each  site 
undergoes substitu tion at an expected rate th a t  m ust  be specified, and 4) all sites  
are included (not just those  th a t  have changed) (Felsenstein,1993).
In the  present s tudy , both parsimony and maximum likelihood phylogenetic 
inference m ethods  w ere  used. In an a ttem p t to  enhance  the  accuracy  of resulting 
topologies, ndhF chloroplast gene sequences  have been analyzed to  determ ine the  
respective m utation ra tes  for each  codon position to  determine w he ther  weighting 
specific codon positions is appropriate in parsimony analyses. Empirically derived 
transition-transversion ra tes  w ere  determined for u se  in parsimony and maximum 
likelihood analyses.
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TREE ROBUSTNESS METHODS
A s described by Felsenstein (1985), the  "bootstrap" can  be used to  place 
confidence intervals on phylogenies and involves resampling from a se t  of da ta  with 
replacem ent to  crea te  a series of sam ples of the  sam e  size a s  th e  original da ta  se t.  
Felsenstein s ta ted  th a t  if a phylogenetic group sh o w s  up 9 5 %  or m ore  of the  time, 
th e  evidence for it is considered statistically significant. He con tended  th a t  the  
justification for bootstrapping relies on each character evolving independently  from 
th e  o ther charac te rs  according to  a s tochastic  process  th a t  has  am ong its 
param eters  the  topology and branch lengths of the  underlying phylogeny.
Hillis and Bull (1993) used  com puter simulations and a laboratory-generated 
phylogeny to  t e s t  bootstrapping results  of parsimony analyses, both a s  a m easure  
repeatability (i.e. th e  probability of repeating a result given a new  sam ple of 
characters)  and accuracy (i.e. th e  probability th a t  a result rep resen ts  th e  true 
phylogeny). Their simulations indicated th a t  any bootstrap  proportion provides an 
unbiased but highly imprecise m easure  of repeatability. Under conditions they  
though t  typical of m ost  phylogenetic analyses, however, boo tstrap  proportions in 
majority-rule co n sen su s  trees  provide biased but highly conservative e s t im a tes  of 
th e  probability of correctly inferring the  corresponding clades. Specifically, under 
conditions of equal ra tes  of change and symm etric  phylogenies, bootstrap  
proportions £ 7 0 %  usually correspond to  a probability of £  9 5 %  th a t  the  
corresponding clade is real (Hillis and Bull, 1993).
According to  Trueman (1993), one perspective on the  Felsenstein (1985) 
boo tstrap  is th a t  it indicates how  support for nodes on the  m o st  parsimonious tree
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is distributed across  the  characters. Nodes tha t  are supported  by changes  in a 
larger number of characters  are likely to  recur frequently in the  replicates. Nodes 
th a t  are supported  by only a few  characters  will no t  recur often, even w hen  there  is 
no evidence to  contradict their existence. Trueman argued th a t  the  boo tstrap  
provides a one-sided te s t  of phylogeny: nodes tha t  recur are supported  by the  data , 
but nodes th a t  do not recur cannot be taken as  rejected. Therefore, a s  a m atte r  of 
confidence in the  tree  as  a whole, Trueman concluded th a t  the  boo tstrap  is quite 
useless.
It is apparent th a t  the  use  of the  bootstrap  m ethod for determining ho w  well 
the  particular da ta  se t  supports  the  given tree  has its de tractors. Despite the  
problems associa ted  with the  bootstrap, it is currently widely used a s  a m ethod  for 
estimating confidence in topologies and is used as an estim ator in this study .
The decay  index is another m ethod used to  evaluate the  relative robustness  
of clades found in parsimony trees . With this m ethod, strict c o nsensus  t ree s  are 
construc ted  of all t rees  th a t  are progressively longer (in te rm s  of s teps)  until each 
clade in the  minimum length tree  is no longer equivocally supported  (Donoghue et 
al., 1992). This procedure results  in a "decay" index th a t  is equivalent to  the  
num ber of s te p s  th a t  m ust  be added before each clade collapses into an unresolved 
bush. Selected analyses in this s tudy  have been subjected  to  decay  index 
evaluation.
Evaluation of branch lengths in maximum likelihood trees  is no t s tra igh t­
forward. Output produced by fastDNAml (Olsen e t  al., 1994) so ftw are  includes a 
table showing the  length of each  tree  segm en t in units of expected nucleotide
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substitu tions per site. For each  branch segm en t ,  confidence limits on their length 
are supplied. According to  Felsenstein (1993), th ese  confidence limits are very 
rough. Because there  is a simplification in how  the  confidence limits are calculated, 
over-confidence in the  ex istence of the  branch is the  result (Olsen; pers. 
co m m .,1994 ) .  Therefore, supplied confidence limits w ere  not used  to  evaluate 
branch lengths in this study . However, the  range of maximum likelihood branch 
length values w a s  compared to  branch lengths found in parsimony-based t ree s  in 
order to  es tim ate  the  range of maximum likelihood branch length values th a t  provide 
a level of significant support.
ndhF cpDNA SEQUENCES
The pas t  decade has seen  a proliferation of molecular biological approaches 
to  th e  s tudy  of angiosperm phylogeny (Qlmstead and Palmer, 1994) ,  and the 
primary source for molecular characters  has  been the  chloroplast genom e (Clegg 
and Zurawski, 1992). Tw o major factors tha t  distinguish chloroplast DNA (cpDNA) 
evolution from nuclear gene evolution are the  lack of clearly docum ented  
transposon  activity associa ted  with the  genom e and apparent lack of 
recombinational potential (Clegg and Zurawski, 1992). Chloroplast gene order is 
highly conserved; only tw o  differences are known among the  1 2 0  genes  p resen t in 
the  cpDNAs of tobacco  and liverwort which diverged so m e  4 0 0  million years  ago 
(Palmer e t  al., 1988). The tobacco  gene order is found in m ost  other angiosperm s 
(e.g. orchids) and in a t least one fern and one gym nosperm  (Palmer e t al., 1988). A 
conservative m ode of evolution m akes chloroplast DNA an extremely valuable 
molecule for phylogenetic studies; its conservatism  can also be a serious draw back
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as the  am ount of useful DNA variation m ay be limited a t the  intraspecific level 
(Palmer e t al., 1988). Chloroplast genes  can be regarded as  uniparentially 
transm itted  molecules th a t  collect m utations stochastically; average  ra tes  of 
synonym ous substitu tions for cpDNA protein coding genes  vary from 0 .2  to  1 .0  X 
10 '9 substi tu tions  per site per year (Wolfe and Sharp, 1988). Chloroplast protein 
coding genes  evolve a t an average rate th a t  is 5X slower than  plant nuclear genes  
(Wolfe e t al. 1987). On average, the  rate of silent substitu tions in chloroplast 
genes  is tw o  to  three tim es less than in nuclear genes  and 2 0  t im es less than  in 
animal mitochondrial genes  (Palmer e t al., 1988). Transitions outnum ber 
transvers ions in chloroplast genes  by a factor of less than  tw o  to  one which is a 
m uch smaller bias than  th a t  found in animal mtDNA (Palmer e t al., 1988).
According to  Olmstead and Palmer (1994), the  chloroplast genom e varies 
little in size, structure , and gene con ten t among angiosperms; it typically ranges 
from 135 -1 6 0  kilobases (kb) and is characterized by a large (25 kb) inverted repeat 
th a t  divides the  remainder of the  genom e into one large and one small subunit.
Single copy regions have approximately a four-fold synonym ous substitu tion  rate  
com pared to  the  inverted repeat (Wolf and Sharp, 1987). By far the  m o st  frequent 
cpDNA m utations  are point m uta tions  and deletions/insertions in noncoding regions; 
o ther m uta tions  (inversions, and insertion/deletions of genes  and introns ) are rare 
(Palmer e t al., 1988).
According to  Olmstead and Palmer (1994),  there  are 20  chloroplast genes  
th a t  are sufficiently large (>  1kb) and w idespread to  be generally useful in 
comparing sequence  studies. A t present, th e se  sequencing s tudies  have centered
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on the  gene for the  large subunit of ribulose - 1 , 5  b isphosphate, carboxylase (rbcL). 
However, several s tudies using other cpDNA sequences  have recently been used; 
one such  sequence  is the  ndhF gene. Olmstead et al. (1993) has  construc ted  gene  
trees  for the  tw o  chloroplast genes, rbcL and ndh? for th e  families So lanaceae, 
Scrophulariaceae, Bignoniaceae, A canthaceae, and Lamiaceae. The resulting gene 
trees  w ere  congruent in m any respects .  According to  Olm stead e t  al., th e  ndh? 
gene has  the  desirable property of identifying more informative charac te rs  a t  lower 
taxonom ic levels because  it is longer and has  a higher substitu tion rate  than  rbcL.
In comparing sequences  from the  ndhF and rbcL genes  in Solanaceae and 
Convolvulaceae, Olmstead and Sw eere  (1994) found th a t  ndh? is a m ore rapidly 
evolving gene than  rbcL and yields more phylogenetic information than  rbcL.
The ndh? gene resides in the  small single copy region of the  chloroplast genom e. 
(Hiratsuka e t  al., 1989). According to  Sugiura (1989), six chloroplast DNA 
seq u en ces  resemble those  com ponents  (ND1, 2, 3 , 4 ,  4L, and 5) of the  respiratory 
chain NADH dehydrogenase from hum an mitochondria. As th ese  are highly 
expressed  in tobacco  chloroplasts, they  are likely to  be the  genes  for com ponen ts  
of a chloroplast NADH dehydrogenase (ndhA, B, C, D, E, and F). According to  
Schluchter e t  al., (1993), the  ndh genes  in chloroplasts are transcribed, but their 
protein products  and their putative NADH dehydrogenases  which they  would form 
have not been identified. The role of an electron transport  chain in chloroplast 
function is not well understood at p resent (Schluchter e t  al., 1993).
The ndh? gene w as  selected  to  provide molecular characters  in this s tudy  
because  of its purportedly higher mutation rate  com pared to  th a t  of rbcL. Because
25
chloroplast genes  are highly conserved , phylogenetic relationships among closely 
related taxa  m ay be enhanced by using genes  with comparatively higher mutation 
rates .
SEQUENCE ALIGNMENT 
Sequence  alignment is obtained by inserting gaps , which correspond to  
insertions or deletions, into th e  da ta  in order to  place positions inferred to  be 
hom ologous into the  sam e  column of the  da ta  matrix. Sequence  alignment is 
probably the  m ost  difficult and least understood com ponen t of a phylogenetic 
analysis (Swofford and Olsen, 1990). In addition to  requiring the  use of 
hom ologous molecules, phylogenetic analysis of sequence  da ta  requires positional 
homology. That is, the  nucleotides observed a t  a given position in the  taxa  under 
s tudy  should all t race their ancestry  to  a single position th a t  occurred in a com m on 
ances to r  of th o se  taxa  (Swofford and Olsen, 1990). Computerized alignment 
algorithms can be used to  simplify the  ta sk  of aligning seq u en ces  (Swofford and 
Olsen, 1990).
Because ndh? is a conserved  gene, sequences  typically m ay be aligned by 
sight. Alignment of the  ingroup sequences  with the  previously published Oryza 
sativa  (Hiratsuka e t  al., 1989) and Nicotiana tabacum  s e q u en c e s  allowed for the  
identification of codon positions. To help ensure  maximum  positional homology, 
sequences  w ere  also aligned by Clustal V so ftw are  (Higgins, e t  al. 1991)  and 
com pared to  sight-aligned sequences .
INDELS
It appears th a t  m any insertion-deletion m uta tions  are associated  with short 
direct repea ts  and probably arose  from slip-strand mispairing during replication 
(Zurawski and Clegg, 1987). It is probable th a t  particular noncoding regions 
experience higher ra tes  of th e s e  m utations; it is also probable th a t  addition-deletion 
m uta tions  m ay recur a t  specific sites, th u s  contributing to  hom oplasy in 
evolutionary s tudies  (Clegg and Zurawski, 1992). W hen sequence  alignments are 
ambiguous, their use  as  phylogenetic characters  is questionable, but otherwise , 
they  m ay be phylogenetically informative (Lloyd and Calder, 1991 ; Revera and 
Lake, 1 992 ;  Baldwin, 1 993 ;  Baum and Sytsm a, 1994). INDELS de tec ted  in this 
s tudy  have been evaluated w ith  respect to  w hether  they  are of probable 
hom ologous or homoplastic origin, and w hether their use  as  phylogenetically 
informative characters  is appropriate.
ANATOMICAL/MORPHOLOGICAL CHARACTERS 
The cladistic s tudy  of th e  subfamily Epidendroideae presented here also 
exam ines the  phylogenetic utility of 13 anatomical/morphological characters .  These  
particular characters  w ere  selected  because  they  are purported to  be 
phylogenetically informative a t higher taxonomic levels. That is, they  are relatively 
cons is ten t  across  subfamilies and tribes of Orchidaceae. Because this s tudy  w a s  
primarily molecular based, morphological characters  used  w ere  those  th a t  could be 
readily derived from a literature search or a m acroscopic  examination of voucher 
specim ens. Therefore, charac te rs  requiring microtechniques and scanning electron 
microscopy (SEM) w ere  not included in the  present s tudy  of the  Epidendroideae.
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The characters  and their recognized character s ta te s  are d iscussed in detail in
Chapter 2. However, plant microtechniques and SEM w ere  used to  determine
character s ta te s  for the  morphological-based system atic  s tudy  of the  subtribe
Pleurothallidinae (Chapter 6). The 4 5  characters  used in the  Pleurothallidinae s tudy
are those  recognized by Pridgeon (1982) and are d iscussed  in Chapter 6.
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CHAPTER 2
PHYLOGENY OF SUBTRIBE EPIDENDROIDEAE (ORCHIDACEAE) INFERRED FROM 
CHLOROPLAST ndhV GENE SEQUENCES AND MORPHOLOGICAL CHARACTERS
BASED ON PARSIMONY ANALYSIS
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The purpose of this s tudy  is: 1) to  infer phylogenetic relationships of 
subfamily Epidendroideae using parsimony m ethods  from ndhF sequences ,  INDELS, 
and morphological characters, 2) to  evaluate the  relative utilities of th ese  three 
types  of da ta  to  infer phylogeny of th ese  selected  taxa , and 3) to  d iscuss  the  
evolution of certain morphological characters  in Epidendroideae.
A list of the  orchid taxa  included in the  phylogenetic s tudy  presented  here, 
arranged in accordance  with Dressler’s (1993) taxonom ic t rea tm en t  of th e  family, is 
p resented  in Table 2 .1 . In this study , a portion of the  chloroplast gene  NADH 
dehydrogenase  (ndh?) w a s  sequenced  to  provide molecular characters  to  infer 
phylogenetic relationships. According to  Olmstead and Palmer (1994), there  are 2 0  
chloroplast genes  th a t  are sufficiently large (>  1kb) and w idespread to  be generally 
useful in comparing sequence  studies. At present, th e se  sequencing s tudies  have 
centered on the  gene for the  large subunit of ribulose-1, 5 bisphosphate, 
carboxylase (rbcL). However, several s tud ies  using other cpDNA genes  have 
recently been used; one such  gene is ndhF. O lmstead e t  al. (1993a) construc ted  
trees  for the  tw o  chloroplast genes, rbcL and ndhF for the  families Solanaceae, 
Scrophulariaceae, Bignoniaceae, A canthaceae, and Lamiaceae. The resulting gene 
trees  w ere  congruent in m any respects .  According to  Olm stead e t al. (1993a) , the  
ndhF gene has  the  desirable property of identifying more informative charac te rs  at 
lower taxonom ic levels because  it is longer and has  a higher substitution rate  than 
rbcL. In comparing sequences  from ndhF and rbcL genes  in Solanaceae and 
Convolvulaceae, Olm stead and Sw eere  (1994) found th a t  ndhF is a m ore rapidly 
evolving gene than  rbcL and yields m ore phylogenetic information than  rbcL.
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The ndhF gene resides in the  small single copy region of the  chloroplast 
genom e. (Hiratsuka et al., 1989). According to  Sugiura (1989),  six chloroplast 
DNA seq u en ces  resem ble th o se  com ponents  (ND1, 2, 3 , 4 ,  4L, and 5) of the  
respiratory chain NADH dehydrogenase  from hum an mitochondria. A s th ese  are 
highly expressed  in tobacco  chloroplasts, they  are likely to  be the  genes  for 
com ponen ts  of a chloroplast NADH dehydrogenase (ndhA , B, C, D, E, and F) 
(Sugiura, 1 989 ;  Shimada and Sugiura, 1990). According to  Schluchter e t  al., 
(1993),  th e  ndh genes  in chloroplasts are transcribed, but their protein p roducts  and 
th e  putative NADH dehydrogenases  which they  would form have not been 
identified. The role of an electron transport chain in chloroplast function is no t well 
unders tood  a t p resent (Schluchter e t  al., 1993).
In the  course  of this s tudy , specific regions of ndhF with a relatively high 
frequency of sequence  insertions and deletions (INDELS) have been identified.
W hen sequence  alignments are not certain, their use  a s  phylogenetic charac te rs  is 
questionable, but o therwise, they  m ay be phylogenetically informative (Lloyd and 
Calder, 1 991 ;  Revera and Lake, 1 992 ;  Baldwin, 1 993 ;  Baum and S y tsm a, 1994).
In this s tudy , the  use of INDELS as phylogenetically informative charac te rs  is 
explored.
The phylogenetic s tudy  of subfamily Epidendroideae presented  here also 
em ploys a s e t  of 13 morphological-based characters. These  particular charac te rs  
w ere  selec ted  on the  basis th a t  they  m ay be phylogenetically informative a t higher 
taxonom ic levels. That is, they  are relatively consis ten t  across  subfamilies and 
tribes of Orchidaceae.
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MATERIALS AND METHODS 
Plant Material. To represent the  major taxonom ic com ponen ts  of the  
Orchidaceae (sensu Dressier, 1993), a representative from each  of th e  primarily 
terrestrial orchid subfamilies is included in this s tudy: Apostasioideae, 
Cypripedioideae, Spiranthoideae, and Orchidoideae. Not assigned to  a subfamily, 
bu t considered by Dressier (1993) am ong the  'primitive orchids of uncertain 
affinity', th e  terrestrial tribe Neottieae Lindl. is also represented. Tw enty-nine taxa  
representing ten  tribes and tw e n ty  subtribes of the  subfamily Epidendroideae are 
included in this study. These  tw e n ty  subtribes encom pass  > 7 4 %  of the  es tim ated  
1 4 ,7 6 3  species  of the  subfamily. Representing a liliaceous m onoco t,  which is 
regarded by m o st  authorities a s  the  sister taxon to  the  orchids (Garay, 1 960 ;  
R asm ussen , 1985 ; Benzing; 1 9 8 7 ;  Dressier, 1993) ,  a m em ber from the  wholly 
terrestrial Amaryllidaceae is included. The list of taxa  included in this s tudy  
arranged according to  Dressler 's  1 9 9 3  taxonom y is presented in Table 2 .1 .
Biochemical Techniques. A segm en t approximately 1 ,2 0 0  base-pair (bp) in 
length, from the  3 ' half of the  ndhF gene, w as  sequenced  for the  tax a  listed in 
Table 2 .2 .  The source of DNA sequences  for the  nonliliaceous m onocot,  Oryza 
sativa, is Hiratsuka et al. (1989);  GenBank accession  number: X 1 5 9 0 1 .  Total - 
DNAs w ere  extracted  from fresh  or frozen leaf t issue  using the  CTAB m ethod  of 
Doyle and Doyle (1987). DNA w a s  amplified via th e  polymerase chain reaction 
(PCR) (Mullis and Faloona, 1 987 ;  Saiki e t .  al.; 1988). Raw DNA tem pla te  w a s  
amplified w ith  Tfl® enzym e (Epicentre Technologies; Madison), using the  following 
thermocycling protocol: (95 °C, 3  minutes) X 1 cycle; (95 °C 1 m inute, 5 0  °C 1
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minute, 7 2  °C 1 minute) X 3 0  cycles; (72 °C, 7 minutes) X 1 cycle: (4 °C soak).
This typically produces 1-3 ug of double-stranded DNA per 100ui PCR reaction.
Double-stranded PCR product w a s  separa ted  by cutting out th e  desired band 
on a horizontal 1% agarose  gel. The desired band w a s  identified by using a known 
DNA size standard . The excised band w a s  purified using Prep-A-Gene®
DNA purification matrix (Biorad; Melville, New York). In doing so ,  the  
m anufac tu rer 's  suggested  protocol w a s  modified in order to  increase purified DNA 
yields to  acceptab le  levels (approximately 5 0 %  recovery); the  initial melting of the  
agarose  gel seg m en ts  w a s  has tened  by shaking a t 3 2 0  rpm, adding abou t tw ice  the  
recom m ended  am ount of matrix, increasing the  ethyl alcohol con ten t  of the  w a sh  
buffer to  8 0 % ,  and substituting distilled w ater  in place of the  m anufactu rer 's  
supplied elution buffer.
Following quantification by visual inspection on an ethidium-stained agarose  
gel against  a known s tandard , the  purified PCR product w a s  double-strand 
sequenced  using Sequenase® (United S ta te s  Biochemical; Cleveland, Ohio) and 35S 
used  as  the  labeling agent. Labeled fragm ents w ere  subjec ted  to  e lectrophoresis on 
an acrylamide gel and transferred to  3MM W hatm an  paper, vacuum  dried and 
exposed  to  autoradiographic film.
By comparing complete ndhF sequences  of Restrepia muscifera 
(Orchidaceae), Oryza sativa  (Poaceae), Nicotiana tabacum  (Solanaceae), and 
Viburnum  sp . (Caprifoliaceae) it w a s  determined th a t  the  3 '  half of th e  gene 
conta ins  m ore informative characters  than  the  5 ' half a s  illustrated in th e  relative 
sequence  changes  graph (Fig. 2 .1). As indicated by this graph, 6 7 .2 %  of all base
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Table 2.1 List of taxa  taxa  included in this study. Orchidaceae m em bers are 
arranged according to  the  taxonom y of Dressier (1993).
A. Family Orchidaceae
1. Subfamily Epidendroideae
a. Epidendroid Phylad
Tribe Arethuseae
Subtribe: Bletiinae:
Spathoglottis plicata  Bl.
Calanthe vestila Lindl.
Subtribe: Chysiinae
Chysis faevis Lindl.
Tribe Coelogyneae
Subtribe: Thuniinae
Thunia alba Rchb. f.
Subtribe: Coelogyninae
Coelogyne cristata L.
Tribe Epidendreae I (New World)
Subtribe: Sobraliinae
Sobra/ia powelii Schltr.
Subtribe: Arpophylliinae
Arpophyllum giganteum  Hartw. ex Lindl.
Subtribe: Meiracyllinae
Meiracyllium trinasutum  Reichb.f.
Subtribe: Coeliinae
Coelia triptera (Smith) G. Don ex Steudel 
Subtribe: Laeliinae
Brassavola nodosa (L.) Lindl.
Cattleya guttata  Lindl.
Encyclia tampensis (Lindl.) Small 
Epidendrum conopseum  R. Brown 
Subtribe: Pleurothallidinae
Octomeria grandiflora Lindl.
Pleurothallis pidax Luer 
Restrepia muscifera (Lindl.) Rchb. f. ex Lindl. 
Zootrophion hirtzii Luer 
Tribe Epidendreaell (Old World)
Subtribe: Polystachyinae
Polystachya concreta (Jacq.) Garay &
S w eet
(table cont'd)
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a.1 Dendrobioid Subclade of the  Epidendroid Phylad
Tribe Podochileae
Subtribe: Eriinae
Ceratostylis retisquama Rchb. f.
Eria hyacinthoides (Bl.) Lindl.
Tribe Dendrobieae
Subtribe: Dendrobiinae
Dendrobium scabril/ngue Lindl.
Subtribe: Bulbophyllinae
Bulbophyllum biflorum  Teijsm & Binn
Tribe Vandeae
Subtribe: Aeridinae
Vanda lamellata Lindl.
Subtribe: Angraecinae
Angraecum phi/ippinense Am es 
Subtribe: Aerangidinae
Aerangis graminifolia (Kranzl.) Schltr.
b. Cymbidioid Phyiad
Tribe Calypsoeae
Tipularia discolor (Pursh) Nutt.
Tribe Cymbideae
Subtribe: Cyrtopodiinae
Cymbidium atropurpureum  (Hook, f.) Rolfe
Tribe Maxiliarieae
Subtribe: Maxillariinae
Maxillaria brunnea Linden & Reichb. f. 
Subtribe: Stanhopeinae
Stanhopea frymirei Dodson
2. Subfamily Spiranthoideae
Spiranthes odorata (Nutt.) Lindl.
3. Subfamily Orchidoideae
Habenaria repens Nutt.
4. Subfamily Cypripedioideae
Cypripedium acaule Ait.
5. Subfamily Apostasioideae
Neuwiedia veratrifolia Blume
(table cont'd)
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6. Subfamily undetermined 
Tribe Neottieae
Listera australis Lindl.
B. Family Amaryllidaceae
Clivia miniata Regel
C. Family Poaceae
Oryza sativa L.
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Table 2 .2  Sources of plant material and voucher information for taxa  sequenced  in 
this study. Acronyms of herbaria or persons t h a t  donated spec im ens  are listed. 
GenBank accession  num bers for nd h F ge n e  sequences  are given.
Taxon Source an d  voucher” GenBank
accession
num ber
ArpophylJum giganteum  Cult. CONN; Neyland 9 0  (LSU) U 2 0 5 3 3
Hatw.
Pleurothallis pidax Luer Cult. F. L. Stevenson; Neyland 1 0 5  U2051 1
(LSU)
Octomeria grandiflora Cult. F. L. Stevenson; Neyland 7 5  U 2 0 5 3 8
Lindl. (LSU)
Zootrophion hirtzii Luer Cult. MO; A. Lievens & M. LeDoux U 20651
3 2 0
Restrepia muscifera Cult. MO; Neyland 88 (LSU) U 2 0 5 4 9
(Lindl.) Rchb.f. ex Lindl.
Brassavola nodosa Cult. LSU; Neyland 72  (LSU) U 2 0 5 4 0
(L.) Lindl.
Epidendrum conopseum  Wild. Neyland 7 7  (LSU) U 2 0 6 6 5
R. Brown
Cypripedium acaule Ait. Wild. S. Grace; Neyland 115 (LSU) U 2 0 5 6 3
(table cont'd)
Meiracyl/ium trinasutum  
Rchb. f.
Dendrobium scabrilingue 
Lindl.
Coe/ia triptera (Smith)
G. Don ex Steudel
Encyclia tampensis 
(Lindley) Small
Cattleya guttata  Lindl.
Sobralia pow elii Schltr.
Coelogyne cristata L.
Ceratostylis retisquama 
Rchb. f.
Cymbidium atropurpureum  
(Lindl.) Rolfe
Stanhopea frymirei 
Dodson
Maxillaria brunnea 
Linden and Rchb f.
Cult. CONN; Neyland 93  (LSU)
Cult. LSU; Neyland 63  (LSU)
Cult. LSU; Neyland 122  (LSU)
Cult. LSU; Neyland 62  (LSU)
Cult. LSU; Neyland 9 4  (LSU) 
Cult. LSU; Neyland 118  (LSU) 
Cult. LSU; Neyland 124  (LSU) 
Cult. LSU; Neyland 123  (LSU)
Cult. SEL; Atwood 95-2  (LSU)
Cult. SEL; Atwood 95 -3  (LSU)
Cult. SEL; Neyland 95  (LSU)
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U 2 0 5 6 2
U 2 0 5 3 4
U 2 0 6 3 2
U 2 0 6 6 3
U 2 0 5 4 4
U 2 0 6 5 0
U 2 0 6 3 2
U 20631
U 2 0 6 4 9
U 2 0 6 3 0
U 2 0 5 9 7
(table cont'd)
Thunia alba Rchb. f.
Spiranthes odorata 
(Nutt.) Lindl.
Tipularia discolor 
(Pursh) Nutt.
Eria hyacinthoides 
(Bl.) Lindl.
Chysis laevis Lindl.
Cult. SEL; A tw ood 9 5 -4  (LSU) 
Wild. Neyland 100  (LSU)
Wild. Neyland 1 0 4  (LSU)
Cult. SEL; Neyland 96  (LSU)
Cult. SEL; A tw ood & Neyland 
8 6 -0 2 7 3  (SEL)
Spathog/ottis plicata Bl. Cult. SEL; Neyland 97  (LSU)
Bulbophyllum biflorum  
Teijsm and Binn
Vanda lamellata Lindl.
Polystachya concreta 
(Jacq.) Garay and Sw ee t
Cult. SEL; Neyland 103 (LSU)
Cult. SEL; Neyland 101 (LSU)
Cult. SEL; Neyland 103  (LSU)
Angraecum philippinense Cult. LSU; Neyland 106  (LSU) 
A m es
Aerangis graminifolia 
(Kranzl.) Schltr.
Cult. SEL; Neyland 108 (LSU)
U 2 0 5 9 8
U 2 0 6 2 9
U 2 0 6 2 8
U 20601
U 2 0 6 0 2
U 2 0 6 0 7
U 2 0 6 0 6
U 2 0 6 0 0
U 2 0 5 9 9
U 2 0 6 6 2
U 2 0 6 6 4
4 2
Calanthe vestita Lindl. Cult. SEL; Neyland 98 (LSU) U 2 0 6 0 5
(table cont'd)
4 3
Listera australis Lindl. Wild. Neyland 107  (LSU) U 2 0603
Clivia miniata Regel Cult. H. Buras; Neyland 119  (LSU) U 2 0539
Habenaria repens Nutt. Wild. M. Oard; Neyland 125  (LSU) U 2 0 6 0 4
Neuwiedia veratrifolia DNA ex. Kew# 0 - 4 6 0 U 2 0 6 3 3
Blume
* Abbreviations used: Cult. =  cultivated, Wild =  wild collected, DNA ex. =  DNA 
extract, CONN = University of Connecticut, LSU = Louisiana S ta te  University, MO 
= Missouri Botanucal Garden, SEL =  Selby Gardens, Kew = Royal Botanic 
Gardens, England.
4 4
changes  occurred in the  region sequenced  in this s tudy  (from base  1 ,0 7 2  in each  
taxon  until th e  s top  codon w a s  reached) (Fig.2.1). Similar results  w ere  reported by 
O lm stead and Sw eere  (1994) for Solanaceae and other groups. Therefore, in order 
to  obtain sequences  with substitu tion ra tes  useful for phylogenetic reconstruction, 
sequencing effort w a s  restricted to  an approximate 1 ,2 0 0  bp region from th e  3* half 
of the  ndhF gene. The source of DNA sequences  for Nicotiana tabacum  is 
Olm stead e t  al. (1993b); GenBank accession  number: L 14953 . The source  of DNA 
seq u en ces  for Viburnum  sp. is R. Jansen , University of Texas (unpublished).
Primers for the  ndhF gene  are those  developed by Ja n se n  (1992). Primer 
num bers  6, 7, 9 , 10, and 11 have been modified and primer num bers  7 .5 ,  10 .5 ,  
and 1 0 .7R have been developed specifically to  facilitate the  sequencing of orchid 
taxa . Figure 2 .2  sh o w s  the  relative primer positions on the  ndhF gene  and the  
primer sequences .
Data Analysis. Phylogenetic analyses w ere  performed using the  heuristic 
search  algorithm in PAUP 3 .1 .1  (Sw offord ,1993). Because effec tiveness  of the  
heuristic tree-building m ethod is sensitive to  the  sequence  of taxa  addition used  
(Hibbett and Vilgalys, 1993), th e s e  searches  employed random  s te p w ise  addition 
replications w hen  appropriate. The tree  bisection-reconnection algorithm w a s  used 
a s  it is the  m ost  effective branch-swapping option available in PAUP (Swofford and 
Begle, 1993). To avoid the  possibility th a t  the  resolution of the  polytomies chosen  
during branch swapping may not lead to  all minimal trees  in an island, zero-length 
polytomies w ere  not collapsed. Instead of discarding current trees  th e  instan t  a 
shorter  one is found during a search , the  s te e p e s t  descen t  com m and w a s  employed
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th a t  directs PAUP to  continue to  look for even shorter t ree s  and u ses  the  t rees  th a t  
give the  m ost  improvement for the  next round (Swofford and Beagle, 1993).
As m easures  of clade stability or robustness , the  num ber of unam biguous 
character s ta te  changes, bootstrap  confidence intervals (Felsenstein, 1985 ; 
Sanderson, 1989), and decay indices (Dl) w ere  calculated w here  appropriate 
(Donoghue e t  al., 1992). One thousand  bootstrap  replications w ere  used in each  
analysis.
Because ndhF is a conserved gene, sequences  w ere  easily aligned by sight. 
Alignment of the  ingroup sequences  with the  previously published Oryza sequence  
allowed for th e  identification of codon positions. All sequences  begin a t  position 
1 ,0 7 2 .  W hen possible, gaps and insertions w ere  positioned so  th a t  they  began and 
ended on the  first and third codon positions respectively. To help ensure  maximum 
positional homology, th ese  sight-aligned sequences  w ere  aligned by Clustal V 
so ftw are  (Higgins, e t  al. 1991) using the  s o f tw a re 's  default param eters . After 
ad jus tm ents  w ere  m ade to  com pensa te  for missing da ta  and gap/insertion position 
errors m ade by the  softw are , th e  resulting alignment w a s  exactly the  sam e  as  th a t  
prepared by sight.
As an indicator of the  ra te  of synonym ous amino acid substitu tions , variation 
in codon position changes w a s  com puted  using MacClade so ftw are  (Maddison and 
Maddison, 1992). Codon position rate changes  w ere  com puted  for the  taxa  
included in this phylogenetic s tudy  to  determine w hether  weighing of first and 
second  codon positions w a s  warranted.
INDELS w ere incorporated into the  character da ta  base  by treating gap 
positions as  missing (GAPMODE = MISSING) and then  each INDEL scored and
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entered  as  a separa te  binary character (Swofford and Beagle, 1993). This m ethod 
is m ore appropriate than  treating INDELS as  a fifth base  (GAPMODE = NEWSTATE) 
because  the  latter m ethod w eigh ts  gaps of m ore than  one base  excessively.
B ecause ndhF s equences  are conserved  and easily aligned, th e  use  of INDELS as 
phylogenetic characters  is considered appropriate in this s tudy . Specific INDEL 
even ts  w ere  included in this analysis via a separa te  binary-coded da ta  matrix. The 
phylogenetically informative INDELS positions are presented  in Table 2 .3 .
The cladistic s tudy  of th e  subfamily Epidendroideae p resen ted  here also 
exam ines the  phylogenetic utility of 13 anatomical/morphological characters .  These  
particular characters  w ere se lec ted  on the  basis th a t  they  m ay  be phylogenetically 
informative a t  higher taxonom ic levels. That is, they  are expected  to  be relatively 
cons is ten t  across  subfamilies and tribes of the  Orchidaceae. As this s tu d y  is 
primarily molecular based, morphological characters  used are those  which could be 
derived from literature searches  and m acroscopic  examinations of voucher 
specim ens. Therefore, characters  requiring m icrotechniques and scanning electron 
m icroscopy (SEM) w ere  no t included in the  s tudy  of the  Epidendroideae. The list of 
morphological characters  with their recognized character s ta te s  is p resented  in 
Table 2 .4 .  A da ta  matrix illustrating the  character s ta te  for each  orchid taxon 
included in this s tudy  is presented  in Table 2 .5 .
To determine if a reasonable degree of congruence  ex is ts  be tw een  the  
organismal history and ndhF gene  history of the  Epidendroideae, a phylogenetic 
analysis w a s  performed using morphological characters  only. Because only 13  such  
charac te rs  are employed in this analysis, a s u b se t  of the  orchid taxa  sequenced
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5' ndhF 3' ORF 350
PI > P2* P3> P4> PS> P6» P7» P7S>  Pft> P1Q> P106> P11> P12> P13>
<PS < P 10JT R <P14
400 bp
Primer sequences developed by Janeen (1992)
1. AGGTAAGATCCGGTGAATCGGAAAC
2. CTGTCTATTCAGCAAATAAAT
3. TACTTCCATGTTGGGATTAGTTACTAG
4. TTGGATAACGGGGAGTTTCGAATTT
5. CAATGGTAGCAGCGGGAATTTTTC
6. GCTTTATTTCATTTGATTACTCATGCT
7. AGGTACACTTTCTCTTTGCGGTATTCC
&. ATAGATGCGACACATATAAAATGCGGTT
S. TTCTATTCAATATCTCTATGGGGT
10. ATCCTTATGAATCGGATAATACTATG
11. CAGTCAGTATAGCCTCTTTCGGAAT
12. TATATGATTGGTCATATAATCG
13. TGGGCGTATTTCTTCTTATCTGTTC
14. ACC AAGTTCAATGTTAGCGA GATT AGTC
 Primer sequences as  modified (6.7. 9 .10 .11) or designed (7.5.10.5.10.7) by Neyland
6. TT(T,C) CATTTGAT(T.C)ACTCATGC 10. ATACTATGTTATTTCCTCTC
7. GGTACACTTTCTCTTTG(C,T)GG 1 0 5  AAATGGTTAACTCCATCG
7.5 TTTTCGCA(A,C)TAATAGCTTGG 1G7R GAAAAA(A.G)GGTTGTCGATGGAG
&. TTCTATTCAATATCTCTATGGG 11. TTTCAGTAAGTATAGCTCTT
Figure 2.1 Primer sequences  used in this s tudy  and their approximate positions on 
the  ndhF gene.
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Region Sequenced In This Study 
Base Changes -  67.2%
Region Not Sequenced In this Study 
Base Changes * 32.8%
1000 1200 1400 1600
Figure 2 .2  Character s ta te  changes  graph ac ro ss  the  entire ndhF gene from single 
representa tives  from angiosperm families: Poaceae, Orchidaceae, Caprifoliaceae, 
and Solanaceae. Each bar rep resen ts  the  num ber of site  changes  averaged over 2 0  
base  positions. A total of 5 9 0  base  changes  occurred in the  region sequenced  in 
this project (position 1 0 7 2  - to  s to p  codon). This represen ts  6 7 .2 %  of all changes  
occurring across  the  entire gene. A total of 2 8 7  (37 .8% ) base changes  occurred in 
the  region not sequenced  (positions 1 - 1071).
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w a s  selected in order to  achieve a reasonable level of resolution. Specifically, one 
taxon  representing each  of the  ten  Epidendroideae tribes sequenced , Listera 
(Neottieae), and Cypripedium  (Cypripedioideae) w ere  chosen  to  represent the  
ingroup. Neuwiedia (Apostasioideae) w a s  selected  a s  outgroup as  it is indicated by 
this s tudy  to  be the  m ost  basal orchid taxon.
In this s tudy , the  use of INDELS, morphological characters ,  and nucleic acid 
sequences  w ere  employed to  infer phylogenetic relationships. W here appropriate, 
nucleic acid sequences ,  INDELS, and morphological characters  w ere  combined as 
advocated  by the  principle of total evidence (Hempel, 1965 ; Good, 1983 ; Kluge, 
1989 ;  Donoghue and Sanderson, 1992 ; Bull e t  al., 1993).
RESULTS
Parsimony Analyses. The percentage of sequence  change a t  codon positions 
one, tw o ,  and three w a s  calculated at 2 7 .9 % , 2 3 .4 % ,  and 4 8 .6 %  respectively (Fig. 
2 .3). Therefore, m utations occurred about tw ice as  often in the  third codon 
position as  in each  of the  first tw o  positions. By weighing the  first and second  
codon positions in data  s e ts  w here those  positions can be dem onstra ted  to  m uta te  
a t lower ra tes  relative to  the  third position, it is contended th a t  "noise" in the  form 
of hom oplasy m ay be reduced, leading to  more reliable phylogenies. To this end, a 
parsimony search using 100  random addition replications with the  first and second 
codon positions receiving tw ice the  weight of the  third codon position w a s  
undertaken. Of the  approximate 1 ,2 0 0  nucleotide characters  used in this analysis, 
2 4 5  w ere  informative. This search  discovered 5 7 0  trees; each  tree  is 1 ,1 1 4  s te p s
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and each  has  a Cl =  0 .4 9 8 .  A strict c o nsensus  tree  of the  2 4 0  trees  is presented 
in Figure 2 .4 .
After converting DNA sequence  da ta  to  amino acid data , a parsimony search  
resulted in the  finding of 2 5 ,1 0 0  trees , each  of 4 8 2  s tep s .  The num ber of 
informative amino acid characters  in this analysis is 136 . Because com puter 
s to rage  capacity  w a s  exceeded w hen  the  2 5 ,1 0 0  trees  w ere  found, only a single 
incomplete replication w a s  performed. Each of th ese  trees  has  a Cl =  0 .5 9 5 .  A 
strict consensus  tree  of the  2 5 ,1 0 0  trees  is presented in Figure 2 .5 .
W hen unweighted sequences  were used in parsimony analysis, 531 m ost  
parsimonious t rees  were discovered. Individual trees  are 7 5 0  s tep s  with a Cl = 
0 .4 9 2 .  Of the approximate 1 ,2 0 0  nucleotide characters  used in this analysis, 2 4 5  
w ere  informative. A strict c o nsensus  tree  of the  531 m ost  parsimonious trees  is 
presented  in Figure 2 .6 .
W hen unweighted ndhF sequence  da ta  are combined with binary-coded 
INDEL da ta  in parsimony analysis, 9 0  m ost  parsimonious trees  w ere  discovered.
Each tree  is 7 7 5  s te p s  long with a Cl =  0 .4 9 2 .  Of the  informative characters  used 
in this analysis, 245  are nucleotides and 12 are INDELS. A strict consensus  tree  of 
the  9 0  m ost  parsimonious t rees  is p resented  in Figure 2 .7 .
In the  parsimony analysis of 13 morphological characters  for the  previously 
defined subse t  of orchid taxa, 7 most-parsim onious t rees  w ere  discovered. Each 
tree  is 31 s te p s  with a Cl = 0 .7 7 4 .  A strict co n sen su s  of th ese  7 t rees  is 
p resented  in Figure 2 .8 .
W hen ndhF sequences  and morphological characters  are combined in an 
unw eighted  parsimony analysis th a t  included only orchid taxa , a single m ost
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Table 2 .3  Table of informative INDEL charac te rs  for the  taxa  sequenced  in this 
study.
Taxon Sequence  Position
1
3
0
0
1
4 
0
5
1
4
8
7
1
4 
9
5
1
5
2
8
1
5
6 
4
1
7
8 
0
1
7
9
5
1
7
9
6
2
2
2
1
2
2
2
4
2
2
6
8
2
2
7
8
Arpophy/lum 0 0 0 0 1 0 0 0 0 0 1 0 1
Pleurothallis 0 0 0 0 1 0 0 0 0 0 1 0 1
Octomeria 0 0 0 0 1 0 0 0 0 0 1 0 1
Zootrophion 0 0 0 0 0 0 0 0 0 1 0 1
R est re pi a 0 0 0 0 1 0 0 0 0 0 1 0 1
Brassavo/a 1 0 1 0 1 0 1 0 1 0 1 1 0
Epic/endrum 1 0 1 0 1 0 1 1 0 0 1 0 0
Meiracyllium 1 0 1 0 1 0 1 0 1 0 1 1 0
Dendrobium 0 0 0 1 1 0 0 0 0 0 1 0 1
Coelia 0 0 0 0 1 0 0 0 0 0 1 0 1
Encyclia 1 0 1 0 1 0 1 0 0 0 1 0 0
Cattleya 1 0 1 0 1 0 1 1 1 0 1 1 0
Sobraiia 0 0 0 0 1 0 0 0 0 0 0 0 1
Coelogyne 0 0 0 0 1 0 0 0 0 0 0 0 1
Ceratostylis 0 0 0 1 1 0 0 0 0 0 1 0 1
Cymbidium 0 0 0 0 1 0 0 0 0 0 1 0 1
Stanhopea 0 0 1 0 1 0 0 0 0 0 1 0 1
Maxillaria 0 0 0 0 1 0 0 0 0 0 1 0 1
Thunia 0 0 0 0 1 0 0 0 0 0 0 1
Spirant hes 0 0 0 1 1 0 0 0 0 0 1 0 1
Tip uiaria 0 0 0 1 1 0 0 0 0 0 1 0 1
Eria 0 0 0 0 1 0 0 0 0 0 1 0 1
Chysis 0 0 0 0 1 0 0 0 0 0 1 0 1
(table cont'd)
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Spathoglottis 0 0 0 0
Bulbophyllum 0 0 0 0
Vanda 0 0 0 0
Polystachya 0 0 0 0
Angraecum 0 0 0 0
Aerangis 0 0 0 0
Ca/anthe 0 0 0 0
Listera 0 0 0 0
Clivia 0 1 0 0
Habenaria 0 0 0 0
Cypripedium 0 0 0 0
Neuwiedia 0 0 0 0
Oryza 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 0
0 0 0 0 0 1 0
0 0 0 0 0 1 0
0 0 0 0 0 1 0
0 0 0 0 0 1 0
0 0 0 0 0 0 0
0 0 0 0 0 1 0
0 0 0 0 1 1 0
0 0 0 0 0 0 0
0 0 0 0 1 1 0
1 0 0 0 0 0 0
1 0 0 0 0 1 0
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Table 2 .4  Morphological characters  and recognized character s ta te s  for orchid taxa  
p resen ted  in Table 2 .2 .
A ttribute Character S ta te
1. Grow th Habit (0) Sympodial
(1) Monopodial
2. Leaf Structure (0) Conduplicate
(1) Plicate
3. Inflorescence (0) Terminal
(1) Lateral
4. Resupination (0) Resupinate
(1) Not Resupinate
5. Pollen Aggregation (0) Firm
(1) Granulate
(2) Sectile
(3) Nonaggregated
6. Number of Fertile Anthers (1) = 3
(2) = 2
(3) = 1
7. Number of Pollinia (0) = 8
(1) = 4
(2) = 2
(3) = 0
8. Caudicle Architecture (0) Embedded with pollen
(1) Absent
(2) Sterile
9. Stipe (0) Absent
(1) Tegular
(2) Hamular
10. G row th  Substra te (0) Epiphytic
(1) Terrestrial
(table cont'd)
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11. Velamen Type
12. Seed Type
13. Fusion of style
(0) Ca/anthe
(1) Cymbidium
(2) Epidendrum
(3) Coelogynae
(4) Dendrobium/Bu/bophyl/um
(5) Vanda
(6) Pleurothallis
(7) Spiranthes
(8) Absent
(-) Present But An Undefined Type
(0) Eulophia
(1) Maxillaria
(2) Bletia
(3) Dendrobium
(4) Vanda
(5) Goody era
(6) Elleanthus
(7) Pleurothallis
(8) Epidendrum
(9) Cymbidium
(A) Stanhopea
(B) Limodorum
(C) Neuwiedia
(D) Orchis
1. Style fused with filaments a t bases
2. Style fused with filaments and 
s tam inode bases
3. Style fused with fialments, 
stam inodes,and  stigma to column
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Table 2 .5  Morphological character states for the orchid taxa listed in Table 2.2.
Taxa Characters
1 2 3 4 5 6 7 8 9 10 11 12 13
Arpophy/lum 0 0 0 1 1 3 0 0 0 0 2 6 3
Pleurothallis 0 0 0 1 0 3 2 0 0 0 6 7 3
Octomeria 0 0 0 0 0 3 0 0 0 0 6 7 3
Zootrophion 0 0 0 0 0 3 2 0 0 0 6 7 3
Restrep ia 0 0 0 0 0 3 1 0 0 0 6 7 3
Brassavo/a 0 0 0 0 0 3 0 0 0 0 2 8 3
Epidendrum 0 0 0 0 0 3 1 0 0 0 2 8 3
Meiracy/lium 0 0 0 0 0 3 0 0 0 0 2 6 3
Dendrobium 0 0 0 0 0 3 1 1 0 0 4 3 3
Co elia 0 0 1 0 1 3 0 0 0 0 ? 8 3
Encyc/ia 0 0 0 0 0 3 1 0 0 0 2 8 3
Cattleya 0 0 0 0 0 3 1 0 0 0 2 8 3
Sobra/ia 1 1 0 0 1 3 0 0 0 1 - 2 3
Coelogyne 0 1 1 0 0 3 1 0 0 0 3 3 3
Ceratostylis 0 0 0 0 0 3 0 0 0 0 0 - 3
Cymbidium 0 0 1 0 0 3 2 0 0 0 1 9 3
Stanhopea 0 1 1 0 0 3 2 2 1 0 1 A 3
Maxiilaria 0 0 1 0 0 3 1 2 1 0 1 1 3
Thunia 0 0 0 0 1 3 0 0 0 1 3 3 3
Spiranthes 0 0 0 0 1 3 2 1 0 1 7 5 3
Tipu/aria 0 1 1 0 0 3 1 2 2 1 0 0 3
Eria 0 0 1 1 0 3 0 0 0 0 0 - 3
Chysis 0 1 1 0 0 3 0 0 0 0 - 6 3
Spathog/ottis 0 1 1 0 0 3 0 0 0 1 0 ? 3
Bu/bophyl/um 0 0 1 0 0 3 2 0 1 0 9 3 3
(table corn'd)
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Vanda 1 0 1 0 0 3 2 1 2 0 5 4 3
Polystachya 0 0 0 1 0 3 1 1 2 0 - 4 3
Angraecum 1 0 1 0 0 3 2 1 2 0 5 4 3
Aerangis 1 0 1 0 0 3 2 1 2 0 5 4 3
Calanthe 0 1 1 0 0 3 0 0 0 1 0 ? 3
Listera 0 0 0 0 1 3 2 1 0 1 8 B 3
Habenaria 0 0 0 0 2 3 2 2 0 1 8 D 3
Cypripedium 0 1 0 0 3 2 3 1 0 1 8 B 2
Neuwiedia 0 1 0 0 3 1 3 1 0 1 8 C 1
ste
p
57
Figure 2 .3  Rate of change graph by codon position from the  taxa  used in this s tudy  
(Table 2 .2). Graph restricted to  ndhF sequence  positions 1 0 7 2 -2 3 0 4 .
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parsimonious tree  w a s  found. Neuwiedia (Apostasioideae), indicated to  be the  m ost  
basal orchid taxon (Fig. 2 .6), w a s  designated as  outgroup. A total of 2 5 6  
charac te rs  w ere  informative (245  nucleotide, 11 morphological). This tree  has  5 8 7  
s te p s  and a Cl =  0 .4 9 2  (Fig. 2 .9). Decay indices w ere  calculated for t rees  10 
s te p s  longer than  the  optimum tree; a t  the  point w here  trees  w ere  retained for 4  
extra s te p s  (length =  591), com puter  s to rage  w a s  exceeded. Therefore, decay  
indices calculated from trees  four to  ten  s te p s  longer than  the  optimal tree  w ere 
term inated in each s tep  after 2 4 ,5 0 0  trees  w ere  found.
System atic  Relationships. With Oryza sativa (Poaceae) a s  outgroup, all t rees  
support  the  hypothesis  th a t  the  Orchidaceae is monophyletic (Figs. 2 .4 ,  2 .5 ,  2 .6 ,  
2 .7 ,  2 .9). The strict c o nsensus  cladogram of t rees  discovered w hen  ndhF 
s eq u en ces  w ere  unweighted s u g g e s ts  th a t  subfamily Epidendroideae is 
m onophyletic with Ustera  {Neottieae) a s  s ister (Fig. 2 .9). Although several clades 
are resolved, there  is a general lack of resolution among the  tribes of subfamily 
Epidendroideae (Fig. 2.9). The single parsimony tree  found w hen  ndhF s equences  
and morphological characters  w ere  combined is congruent with the  strict co n sen su s  
tree  (Fig. 2 .9) in tha t  subfamily Epidendroideae is m onophyletic with Listera 
(Neottieae) a s  sister (Fig. 2 .9). These trees  also indicate th a t  Sobralia (Sobraliinae, 
New World Epidendreae) is the  m o st  basally diverged elem ent in Epidendroideae, 
and not closely related to  the  New World tribe Epidendroideae core taxa  consisting 
of Meiracyliinae, Laeliinae, Arpophyliinae, and Pleurothallidinae subtribes.
Additionally, the  monogeneric subtribe Coeliinae (New World Epidendreae) does  not 
appear closely related to  either Sobralia nor the  core taxa  of the  New World tribe 
Epidendreae; therefore, the  New World tribe Epidendreae appears polyphyletic.
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Figure 2 .4  Strict consensus  tree  of 5 7 0  trees  discovered from 100  random addition 
searches  using weighted ndhF sequences . Bootstrap values are indicated below 
each  branch.
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Figure 2 .6  Strict consensus tree  of 531 trees  discovered from 100  random addition 
parsimony searches  using ndhF sequences . The number of unequivocal 
synapom orphies are indicated above each branch. Bootstrap values are indicated 
below each  branch. Potentially polyphyletic tribes are shaded  in the  side legend.
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Figure 2 .7  Strict consensus  tree  of 90  most-parsim onious trees  discovered from 
100  random-addition searches  using ndhF s equences  and binary-coded INDELS. 
Bootstrap values are indicated below each branch.
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random-addition parsimony searches  using a da ta  matrix consisting of 13 
morphological characters. Bootstrap values are indicated below each branch.
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Both cladogram s indicate th a t  the  subtribe Laeliinae (Brassavola, Epidendrum, 
Encydia, Cattleya) appears  to  be a monophyletic group with subtribe Meiracyliinae 
(Meiracyllium) a s  sister, and th a t  subtribe Pleurothallidinae (Pleurothallis, Restrepia, 
Octomeria, Zootrophion) is monophyletic with subtribe Arpophylliinae lArpophyllum) 
a s  s is ter  (Figs. 2 .6 ,  2 .9).
Based on the  strict c o nsensus  cladogram (Fig. 2.6) the  tribe A rethuseae  
potentially represen ts  a polyphyletic taxon a s  Spathogiottis and Calanthe 
(representing the  subtribe Bletiinae) form a clade separa te  from Chysis (Chysiinae). 
The cladogram construc ted  from combined sequence  and morphological characters  
indicates th a t  the  Spathoglottis-Calanthe clade occupies a relatively basal position in 
the  Epidendroideae; w hereas ,  Chysis appears  a s  the  sister to  th e  core taxa  of the  
New World tribe Epidendreae (Fig. 2.9).
Although the  cladogram (Fig. 2 .9) su g g es ts  tha t  Thunia (Thuniinae) and 
Coelogyne (Coelogyninae) are s is ter  taxa , Coeiogyne appears  more closely related 
to  Dendrobium  (Dendrobiinae) than  to  Thunia. Therefore, the  tribe Coelogyneae is 
indicated to  be polyphyletic. The relationships among Coeiogyne, Dendrobium, and 
Thunia are unresolved in the  strict c o nsensus  tree of trees  discovered w hen  
unw eighted  sequences  w ere  used  (Fig. 2.6).
A clade com posed  of th o se  taxa  referred to  as  vandoids by Dressier (1981) 
(see Table 1.1) indicates a c lose  alignment of the  tribes V andeae , Old World 
Epidendreae, Cymbideae, Calypsoeae, and Maxillarieae. The alignment of 
Bulbophyllum  (Bulbophyliinae) with th e  vandoid tribes su g g e s ts  th a t  the  tribe 
Dendrobieae is polyphyletic (Fig. 2.9). The strict consensus  tree  su g g e s ts  an 
alliance am ong the  cymbidioid phylad taxa: Cymbidium  (Cymbideae), Stanhopea
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(Maxillarieae), and Maxillaria (Maxillarieae) (Fig. 2 .6). An alliance among 
Polystachya (Old World Epidendroideae), Aerangis (Vandeae), and Angraecum  
(Vandeae) is supported also by the  strict co n sen su s  tree  (Fig. 2 .6). However, this 
t ree  fails to  resolve the  relationship be tw een  th ese  tw o  clades, the  remainder of the  
vandoid taxa , and the  relationship be tw een  th e  vandoid taxa  and Bulbophyllum.
DISCUSSION
Phylogenetic Utility of ndhF Sequences . Most-parsimonious trees  
discovered from searches  w here  unw eighted sequences  w ere  used have 
consis tency  indices =  0 .4 9 2 .  Giving added w eight to  first and second codon 
positions resulted in only a slightly improved consis tency  index of 0 .4 9 8 .  This m ay 
su g g es t  th a t  although the  third codon position has m uta ted  a t a higher rate  than  the  
first and second  codon positions, secondary  m uta tions  a t the  third codon position 
have not occurred at a higher frequency than  in the  first and second positions for 
the  taxa  included in this s tudy . The weighing of the  first and second codon position 
higher than  the  third codon position in this s tu d y  results  in less resolution than  
unweighted codon characters  and does  not appreciably increase phylogenetic signal 
in th ese  analyses. W hen amino acid data  w ere  used to  infer phylogeny for the  taxa 
included in this study, the  consis tency  index for m o st  parsimonious trees  discovered 
improved to  0 .5 9 5 .  However, the  strict co n sen su s  tree  of most-parsim onious trees  
discovered using amino acid da ta  is poorly resolved (Fig. 2.5). Unweighted ndhF 
sequences  resolve phylogenetic relationships am ong the  orchid subfamilies in 
parsimony analysis (Fig. 2 .6). Orchid evolution a t the  subfamilial level is d iscussed 
in more detail in Chapters 4  and 5.
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The monophyly of subfamily Epidendroideae is supported  by this study.
The use  of unweighted ndhF sequence  data  using parsimony m ethods  resolves 
subfamilial relationships within Orchidaceae and subtribal-leve! relationships within 
Epidendroideae. However, the  intermediate tribal-level relationships are poorly 
resolved (Fig. 2.6). Using restriction site  techniques. Palmer e t  al. (1988) reported 
th a t  they  had failed to  find cpDNA m utations  th a t  could establish relationships 
am ong several well-defined lineages of the  orchid subtribe Oncidiinae. They 
though t  it likely tha t  this w a s  due to  a large number of lineages diverging in a short 
period of evolutionary time from a polymorphic ancestor,  and th a t  this process  
happened so  rapidly tha t  either no m utations exist a t  this level or the  few  m utations 
th a t  do exist convey conflicting ideas of relationships because  of hom oplasy. It 
appears  th a t  a similar explanation m ay apply to  the  evolution of Epidendroideae. 
Because subtribal-level relationships are generally well resolved in the  strict 
c o nsensus  tree  from unweighted ndhF characters  (Fig. 2 .6), it appears  th a t  som e  
factor, other than  the  conserved nature of the  gene, is responsible for the  lack of 
tribal-level resolution. That is, the  major tribes of this subfamily diverged in a 
relatively short period in term s of evolutionary time and experienced a rapid 
radiation. This hypothesized radiation m ay have been catalyzed by morphological 
and anatomical adaptations th a t  allowed the  m ostly epiphytic epidendroids to  
pioneer xeric arborescent hab ita ts  in tropical regions (Chapter 5).
Phylogenetic Utility of INDELS. In the  course  of this s tudy , 35  INDELS were 
identified for the  region sequenced . A specific region with a particularly high level 
of sequence  gaps  w a s  identified beginning a t  position 1 ,4 9 5  and ending a t 
approximately position 1 ,716 . Olmstead and S w eere  (1994) reported tha t  gaps
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found in sequences  of several Asterideae families were confined primarily to  a 
region within base pair positions 1 ,4 4 3  - 1 ,6 9 7 .  The region exhibiting a high 
propensity of gaps  in Asterideae is thus  approximately the  sam e  region for which 
the  sa m e  propensity occurs in Orchidaceae.
W hen sequence  alignments are not certain, the  use of INDELS as  
phylogenetic charac te rs  is questionable, but o therwise, they  m ay  be 
phylogenetically informative (Lloyd and Calder, 1991 ; Revera and Lake, 1992 ; 
Baldwin, 1993 ; Baum and S y tsm a, 1994). Because ndhF sequences  have been 
show n  to  be easily alignable, their inclusion in this s tudy is no t prohibited.
However, their value as  phylogenetically informative characters  in this s tudy  is 
nevertheless questionable. According to  Clegg and Zurawski (1992) it is probable 
th a t  addition-deletion m uta tions  m ay recur a t specific sites, th u s  contributing to  
hom oplasy in evolutionary studies. Of the  35  INDELS identified in this s tudy , 22  
are autapom orphic  and, therefore, not informative. Of the  remaining 13 informative 
INDELS (Table 2 .3), four appear to  be homoplastic. For example, a six bp insertion 
occurring at position 1 ,5 2 8  in Zootrophion (TCAATA) and in Neuwiedia  (GATATA) 
is considered homoplastic because  the sequences  are dissimilar and the  tw o  
represent disparate  e lem ents a s  suggested  by the  cladograms (Figs. 2 .6 ,  2 .9 ,  3 .3).
A 39  bp deletion beginning at position 1 ,4 9 5  occurs in the  d isparate taxa: 
Ceratostylis, Spiranthes, Tipularia and Dendrobium  (Figs. 2 .6 ,  2 .9 ,  3 .3). It is 
possible th a t  this 39  bp deletion is homologous with respect to  Ceratostylis and 
Dendrobium  w hich are both m em bers  of Dressler 's  (1993) dendrobioid subclade  and 
suggested  to  be closely allied by the  cladograms (Figs. 2 .9 ,  3 .3). However, w hen  
all four taxa  are considered together, the  deletion appears homoplastic.
This 3 9 b p  deletion is flanked by the  short direct repeat sequence:
TTTTTTT C A A A A and appears  to  belong to  a c lass  of deletions as  described by 
Small (1989) th a t  m ay accoun t for th e  formation of m o st  if no t all novel direct 
repea ts  and m any deletions. More specifically, such  deletions m ay occur w hen  a 
hom ologous recombination be tw een  short direct repea ts  in a progenitor chloroplast 
genom e produces a pair of subgenom ic circles. A second independent event 
resulting in a hom ologous recombination be tw een  a second  pair of short  direct 
repea ts  produces another pair of subgenom ic circles. If one from each pair of 
subgenom ic circles recom bines, a new  chloroplast genom e with a duplication or a 
deletion can  result.
A series of INDELS occur in the  closely aligned subtribes Laeliinae and 
Meiracyliinae (New World Epidendreae) and include a six bp deletion beginning at 
position 1 ,3 0 0 ,  a one bp deletion a t  position 1 ,7 8 0 ,  and a 2 4  bp insertion beginning 
a t  position a t 2 ,2 7 8 .  These  INDELS are unique to  the  Laeliinae and Meiracyliinae 
and are probably hom ologous. An eight bp deletion beginning a t  position 1 ,7 9 6 ,  
and a 10 bp deletion beginning at position 2 ,2 6 8  in th e  closely allied Brassavola, 
Meiracyl/ium , and Cattleya appear to  be hom ologous. A 9bp  deletion beginning a t  
position 1 ,7 9 5  in the  closely allied Epidendrum  and Encydia  is also a likely 
hom ologous event.
A 2 2 7  bp deletion beginning a t position 1 ,4 8 7  is flanked by the  short direct 
repeat sequence: TCAATAGGAATTTCTTTT. and appears to  belong to  the  c lass  of 
deletions previously described (Small,1989). Although this large deletion is found in 
all m em bers  of the  apparently closely related Meiracyliinae-Laeliinae clade (New 
World Epidendreae), it also occurs in Stanhopea (Maxillarieae) which is not
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sugges ted  by the  cladogram s to  be closely related to  the  Meiracyliinae-Laeliinae 
clade (Figs. 2 .6 ,  2 .9 ,  3 .3). Therefore, it is possible th a t  this deletion has  occurred 
independently a t least tw ice  among the  taxa  included in this study.
The sister relationship b e tw een  Oryza and CHvia a s  suggested  by the  
cladogram s is supported  by a six bp deletion beginning a t  position 1 ,4 0 5  (Figs. 2 .4 ,
2 .5 ,  2 .6 ,  2 .7 ,  3 .3). In Oryza, a 9 bp sequence  (AATACAGGA) beginning at 
position 1 ,5 9 4  appears  sufficiently similar to  the  sequence  in Neuwiedia  
(AATGTAAGA) for the  tw o  insertions to  be considered homologous.
A six bp insertion beginning a t  position 2 ,2 2 4  occurs in Sobralia, Thunia, 
Calanthe, Coeiogyne, Bulbophyllum, Habenaria ,and Neuwiedia. Trees discovered 
from parsimony searches  su g g e s t  th a t  this insertion is hom oplastic  (Figs. 2 .6 ,  2.9); 
how ever, a s  is show n  in Chapter 3 , the  maximum likelihood tree  with the  g rea tes t  
log likelihood su g g e s ts  this insertion m ay be hom ologous (Fig. 3 .3).
Although there  is no conclusive proof, a t  least four phylogenetically 
"informative" INDELS de tec ted  in th ese  sequences  appear to  be homoplastic.
Because it is probable th a t  addition-deletion m uta tions  m ay  recur a t  specific sites, 
and th u s  contribute to  hom oplasy in evolutionary s tudies  (Clegg and Zurawski,
1992), the  branches resolved a s  a result of including INDELS with nucleotide 
charac te rs  in parsimony analyses  m u st  be viewed with caution (Fig. 2 .7).
rtdhF: a pseudogene?  Six taxa  sequenced  in this s tudy  (Brassavola, 
Meiracyllium, Catt/eya, Epidendrum, Encydia, and Stanhopea) exhibit deletions 
w h o se  base  number is no t evenly divisible by three  w hich results  in a substantial 
frame shift of subsequen t  base  positions. In Brassavola, Meiracyllium, and 
Cattleya, a 2 2 7  bp deletion occurs beginning a t position 1 ,4 8 7  is followed by a
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sugges ted  by the  c ladogram s to  be closely related to  the  Meiracyliinae-Laeliinae 
clade (Figs. 2 .6 ,  2 .9 ,  3 .3). Therefore, it is possible th a t  this deletion has  occurred 
independently a t  least tw ice  among the  taxa  included in this study.
The sister relationship be tw een  Oryza and Clivia a s  su g g es ted  by the  
c ladogram s is supported  by a six bp deletion beginning a t  position 1 ,4 0 5  (Figs. 2 .4 ,
2 .5 ,  2 .6 ,  2 .7 ,  3 .3). In Oryza, a 9 bp sequence  (AATACAGGA) beginning at 
position 1 ,5 9 4  appears sufficiently similar to  the  sequence  in Neuwiedia  
(AATGTAAGA) for the  tw o  insertions to  be considered hom ologous.
A six bp insertion beginning at position 2 ,2 2 4  occurs in Sobralia, Thunia, 
Caianthe, Coeiogyne, Bulbophyllum, Habenaria .and Neuwiedia. T rees discovered 
from parsimony searches  su gges t  th a t  this insertion is homoplastic (Figs. 2 .6 ,  2.9); 
how ever, a s  is sh o w n  in Chapter 3, the  maximum likelihood tree  with the  g rea tes t  
log likelihood su g g e s ts  this insertion may be homologous (Fig. 3.3).
Although there  is no conclusive proof, a t  least four phylogenetically 
"informative" INDELS de tec ted  in these  sequences  appear to  be homoplastic. 
Because it is probable th a t  addition-deletion m uta tions  m ay recur a t  specific sites, 
and th u s  contribute to  homoplasy in evolutionary s tudies  (Clegg and Zurawski,
1 992) ,  the  branches resolved as  a result of including INDELS with nucleotide 
charac te rs  in parsimony analyses m ust  be viewed with caution (Fig. 2 .7).
ndhF: a pseudogene?  Six taxa  sequenced  in this s tudy  (Brassavola, 
Meiracyllium, Cattleya, Epidendrum, Encydia, and Stanhopea) exhibit deletions 
w h o se  base  number is not evenly divisible by three  which results  in a substantial 
frame shift of subsequen t  base positions. In Brassavola, Meiracyllium, and 
Cattleya, a 227  bp deletion occurs beginning at position 1 ,4 8 7  is followed by a
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sequence  fram eshift until a 1bp deletion a t position 1 ,7 8 0  brings th e  sequence  back 
into fram e (Fig. 2 .1 0 ). An 8bp deletion beginning a t position 1 ,7 9 6  is followed by 
ano ther fram eshift until a 10bp  deletion beginning a t position 2 ,2 6 8  brings th e  
seq u en ce  back into fram e (Fig. 2 .10 ). Therefore, 7 7 5  bases  are either deleted  or 
fram eshifted  in the  region of ndhF sequenced  for th e se  taxa .
In Epidendrum  and Encydia, a 2 2 7  bp deletion beginning a t position 1 ,4 8 7  
(also found in Cattleya, Brassavola, and Meiracyllium) is followed by a sequence  
fram eshift until a 1 bp deletion a t position 1 ,7 8 0  brings th e  sequence  back into 
fram e (Fig. 2 .1 0 ). Therefore, 2 9 4  b ases  are either deleted  or fram eshifted  in the  
region sequenced  for th ese  tw o  taxa.
In Stanhopea, a 2 2 7  base deletion beginning a t position 1 ,4 8 7  (also found in 
the  five previously m entioned taxa) is followed by a region of fram eshifted  
seq u en ces , a 7bp  deletion beginning a t position 1 ,7 4 3 , fram eshifted  seq u en ces , an 
8bp  deletion beginning at position 1 ,7 6 8  and fram eshifted  seq u en ces  until a 16bp 
deletion beginning a t position 1 ,8 9 9  brings the  sequence  back into fram e.
Therefore, 4 2 9  b ases  are either deleted  or fram eshifted  in Stanhopea.
To ensure  th e  position of th e  2 2 7  bp deletion w a s  accurately  recorded, 
primer 1 0 .7R (Fig. 2 .1) w as  developed specifically to  reverse seq u en ce  through  th is 
deletion. This sequencing s tra teg y  w a s  em ployed to  ensu re  th a t no fidelity or 
com pression  problem s w ere responsible for either th e  m isrecording or m isalignm ent 
of seq u en ces  th a t define th is deletion. To th is end , Meiracyllium, Encydia, 
Epidendrum, and Cattleya  w ere  reversed sequenced  through th is  deletion w ith  no 
sequence  differences vis-a-vis th o se  from  produced from the  forw ard-sequencing 
primer.
Brassavola, Meiracyllium, Cattleya
Sequence Position # of bp’s deleted
1487 227
1780 1
1796 8
2268 10
TOTAL 246
1487 1780 1796 2268
Epidendrum, Encydia
Sequence Position # of bp's deleted
1487 227
1780 1
TOTAL 228
1487 1780
Stanhopea
Sequence Position # of bp's deleted
1487 227
1743 7
1768 8
1899 16
TOTAL 258
1487 1743 
— h u t
1899
■ ■ -
1768
Gap 1 1 Frameshift
Figure 2 .1 0  Sum m ary of deletions and fram esh ifts  in Brassavola, Meiracyllium, 
Cattleya, Epidendrum, Encydia, and Stanhopea sequences.
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Although ndh? has been sequenced  from a w ide variety  of angiosperm  
fam ilies and from  a liverwort (Ohyama e t al., 1 986 ), it is no t p resen t in th e  
ch loroplast of a t least one gym nosperm , Pinus thurnbergii (W aksugi e t al., 1994).
In th a t  s tudy , it w a s  determ ined th a t th e  chloroplast genom e in Pinus thunbergii 
(black pine) lacks all 11 in tact ndh genes found in to b acco , rice and liverw ort. Four 
g enes  (ndhA , ndh?, ndhG, and  ndhJ) have been lost com pletely, and th e  o ther 
seven  rem ain as p seudogenes (ndhC, ndhE, and ndhK) and a s  truncated  
p seudogenes (ndhB , ndhD, ndhW, and ndh\). T hese pseudogenes contain  m ultiple 
s to p  codons and fram eshifts; sh o rt deletions and sh o rt insertions occur th roughou t 
th e  seq u en ces . According to  W aksugi e t  al., one plausible explanation for th e  
ab sen ce  of ndh g en es  in black pine is th a t all chloroplast ndh g en es  have been 
transferred  to  th e  nuclear genom e; how ever, the  possibility th a t  NADH 
dehydrogenase  is ab sen t a t least in black pine ch loroplasts w a s  n o t ruled ou t. They 
su g g ested  th a t further s tud ies on the  function and significance of ch loroplast and 
nuclear ndh g enes are necessa ry  in order to  resoive th e se  unansw ered  questions. 
R egardless of w hether th e  ndh? gene in th ese  orchid taxa  is a pseudogene or no t, 
th is  p resen t s tudy  indicates th a t large deletions and fram esh ifts  beginning a t 
approxim ately position 1 ,4 8 7  have no apparen t deleterious e ffec ts  on th e se  taxa .
Specific base frequencies m ay also su g g est ndh? is a pseudogene.
According to  W en-Hsiung and Graur (1991), p seudogenes are expected  to  becom e 
rich in b ases  A and T because 6 4 .5 %  of all m uta tions resu lt in either an  A or T, 
while random  m utation is expected  a t 50 % . Since there  is a tendency  for G and C 
to  change frequently  to  A or T, and since A and T are not a s  m utable as C and G, 
noncoding regions th a t are sub jec t to  no functional constra in t (including
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pseudogenes) are generally found to  be AT-rich (W en-Hsiung and G raur,1991). In 
th e  seq u en ce  d a ta  for orchid tax a  used in th is  project, th e  frequency for AT b ases  is 
69%  and th e  frequency  for GC b ases  is 31 % (a g reater than  tw o  to  one ratio 
of AT b ases  over GC bases). This ratio of b ases  further su g g e s ts  ndh? m ay be a 
pseudogene, even am ong orchid taxa  th a t have no large gaps or fram esh ifts .
Combining M orphological and M olecular Data. According to  Lutzoni and 
Vilgalys (in p ress), phylogenetic tre e s  derived from  different d a ta  s e ts  are rarely 
identical due to: 1) u se  of an inappropriate evolution m odel for a given d a ta  s e t ,  2) 
sam pling error, and 3) d ifferent evolutionary h istories b e tw een  th e  organism  and th e  
m olecule. Phylogenetic h istory  for a given m olecule can  be different from  th e  
organism al phylogeny due to  lineage sorting acting on polymorphic ch arac te rs , 
lateral gene tran sfe r, and hybridization (Lutzoni and Vilgalys, in press). Bull e t al. 
(1993) su g g ested  th a t  a com bined analysis of diverse d a ta  is inappropriate un less it 
is show n  th a t  th e  different da ta  s e ts  are no t significantly hete rogeneous w ith  
resp ec t to  th e  reconstruction  m odel; th a t is, w hen  analyzed separa te ly , th ere  should 
be sim ilarity be tw een  th e  resu ltan t topologies. If da ta  s e ts  are dem onstrab ly  
he te rogeneous, th ey  should no t be com bined in an  analysis th a t a ssu m e s  charac te r 
hom ogeneity . Com parison of he stric t co n sen su s  tree  of seven  m o st parsim onious 
tre e s  d iscovered from an  analysis using a su b se t of orchid taxa  and 13 
m orphological cha rac te rs  (Fig. 2 .8 ), w ith  th e  stric t co n sen su s  tree  using unw eigh ted  
ndh? seq u en ces  (Fig. 2 .6) su g g e s ts  th a t th e  organism al h istory of th e se  se lec ted  
tax a  is approxim ately co n sis ten t w ith  th e  gene history. Specifically, Cypripedium  
and Listera form  a grade th a t is basal to  th e  m onophyletic Epidendroideae.
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T herefore, phylogenetic analyses including both  m orphological charac te rs  and ndhF 
se q u en ces  is considered appropriate in th is  case .
Hillis (1987) su g g ested  th a t som e charac te r c la sse s  are  useful in resolving 
certain  areas of the  tree  but are no t inform ative for o thers . If, for exam ple, one 
charac te r s e t  resolves nodes closer to  th e  tips of th e  tree  and ano ther is m ore 
useful for basal branching, com bination of the  tw o  m ay substan tia lly  im prove the  
resolution of the  full tree  (Bull e t al., 1993). Their observation is well illustrated in 
th is  s tudy . For exam ple, w hen  unw eighted  ndhF seq u en ces  w ere used  exclusively, 
th e  resulting phylogenetic tre e s  w ere  resolved a t the  familial, subfam ilial, and 
subtribal levels, but poorly resolved a t th e  tribal level (Fig. 2 .6 ). H ow ever, w hen 
th e  morphological charac te rs  are  com bined in th e  analysis, a single fully resolved 
tre e  is discovered (Fig. 2 .9 ). Similar findings w ere  reported  by H ibbett and Vilgalys 
(1993) in w hich m olecular and m orphological cha rac te rs  w ere com bined in 
parsim ony analyses of Lentinus (Basidiom ycotina). T hey s ta te d  th a t  far from  being 
overw helm ed, morphological cha rac te rs  had a significant im pact on th e  resu lts , 
desp ite  th e  fac t th a t th ey  w ere  not given g reater w eigh t th an  th e  m ore num erous 
m olecular characters.
B ecause m orphological charac te rs  provided th e  da ta  n ecessa ry  to  bring 
tribal-level resolution to  subfam ily Epidendroideae, it is apparen t th a t th ese  
ch arac te rs  w ere not overw helm ed by the  m ore num erous nucleic acid charac te rs. 
H ow ever, th e  level of confidence in th is particular tree  topology (mainly w ith  
resp ec t to  tribal-level relationships) is n o t particularly high. T ha t is, th ese  
m orphological charac te rs  do n o t resolve n odes w ith a g rea t degree of confidence as
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m easured  by th e  num ber of unam biguous apom orphies, b oo tstrap  values, and decay  
indices (Fig 2 .9 ).
Phylogenetic relationships in Epidendroideae. Based on th e  single parsim ony 
tree  found w hen  m olecular and m orphological charac te rs  are com bined (Fig. 2 .9 ), 
th e  cymbidioid phylad (Table 2 .1 ) is polyphyletic. A lthough th e  cymbidioid tax a  
Cymbidium  (Cym bideae), Stanhopea (Maxillarieae), and Maxillaria (Maxillarieae) 
form  a strongly  supported  clade (16 apom orphies and b o o tstrap  confidence interval 
of 8 8 , Dl =  > 1 0 ) ,  Tipularia (Calyposeae) appears only d istan tly  related to  th e se  
cymbidioid core taxa . A lthough the  cymbidioid phylad appears to  be a polyphyletic 
taxon , th is cladogram  su g g e s ts  a close alliance am ong th e  vandoid taxa  (sensu 
D ressier, 1 981 ). T hat is, all vandoid tribes (Cym bideae, M axillarieae, V andeae, 
Calypsoeae) are part of the  sam e clade, suggesting  th a t  th ey  are closely allied. 
B ecause Bulbophyllum  (Dendrobieae) (an epidendroid) also occurs in th is  clade, th e  
V andoideae (sensu  Dressier, 1981) appears polyphyletic. A s Tipularia (Calyposeae) 
appears m ore closely aligned w ith  the  epidendroids th an  to  th e  cym bidioids, th is 
su g g e s ts  th a t  th e  epidendroid phylad (sensu Dressier, 1993) is paraphyletic (Fig.
2 .9 ). Phylogenies inferred from  ndh? unw eighted seq u en ces  (Fig. 2 .6 ) and from 
com bined da ta  (Fig 2 .9 ) show  no particular alliance am ong th e  tribes of the  
dendrobioid subclade Podochileae, Dendrobieae, and V andeae. T herefore, th e  
dendrobioid subclade (sensu D ressier, 1993) appears polyphyletic.
M orphological C haracter Evolution in Epidendroideae. Evolution of th e  
m orphological charac te rs  used  in th is s tudy  is d iscussed  below . Evolution of th ese  
charac te rs  is inferred from the  single tree  discovered from  th e  parsim ony search  in 
w hich sequence  data  and m orphological charac te rs  w ere  com bined (Fig. 2 .9 ).
1. G row th Habit. According to  Arditti (1 9 9 2 ), tw o  general g row th  form s can 
be distinguished in th e  orchids. The m onopodial form is characterized by a 
persis ten t term inal sh o o t apex , indeterm inate g row th , ab sen ce  of rhizom es, no new  
g row th  from stem  b ases , adventitious roo ts  produced from  th e  s tem , lateral 
in florescences, and branching betw een  nodes. The sym podial form  is characterized 
by p resence  of rhizom es, upright determ inate  s te m s , term inal or lateral 
inflorescence, and new  grow th  from axillary buds. W ith resp ec t to  grow th  habit, 
p resen t da ta  su g g e s ts  th a t the  sym podial condition rep resen ts  th e  predom inant 
evolutionary them e within th e  Epidendroideae. A s indicated by the  character tree  
(Fig. 2 .1 1 ), th e  sym podial habit clearly rep resen ts  th e  basal character s ta te  in the  
O rchidaceae. A lthough th e  m onopodial Sobralia (Sobraliinae) appears a s  th e  m o st 
basally diverged taxon  am ong th e  Epidendroideae, th e  m onopodial s ta te  apparently  
rep resen ts  an au tapom orphy and not a general evolutionary shift tow ard  
m onopodialism . Only am ong th e  th ree  V andeae sub tribes (Aeridinae, A ngraecinae, 
Aerangidinae) does there  appear to  be a major radiation of taxa  exhibiting the  
m onopodial habit.
A ccording to  Holttum (1 9 5 5 ), a sym podial habit in branching is a lm ost 
universal in m onocotyledons. V ariations in detail w ithin th e  sym podial pa tte rn  like 
th o se  displayed by climbing A raceae, bulbous Am aryllidaceae, and corm ous 
Iridaceae are all m odifications of th e  sam e basic pa ttern  of sym podial branching. 
Holttum  suggested  th a t the  lack of cam bium  in m onoco ts  led first to  a peculiar type  
of continuous vegeta tive  g row th  in tax a  native to  th e  m oist trop ics, nam ely 
sym podial g row th , and th a t th is  type  of grow th  proved itself peculiarly adap tab le  to  
the  production of resting o rgans, th u s  allowing cam bium -less p lants to  spread  to
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seasonal clim ates. He con tended  th a t the  sym podial g row th  habit in orchids w a s  
an  adap tation  th a t  ensured each  new  stem  had its ow n se t  of roo ts  w hich is clearly 
valuable for m aintaining a w ater supply and securing (in epiphytes) a ttach m en t to  a 
supporting tree . The m onopodial orchids w ith s te m s  capable of unlimited g row th  
overcom e th is problem  by producing roo ts  a t all n odes of th e  stem .
Dressier and D odson (1960) and Dressier (1993) considered th e  sym podial 
condition to  be primitive in the  orchids. T hese  au tho rs believed th a t th e  m onopodial 
habit appears to  have evolved independently  in m any groups and th a t its evolution 
has followed different pa tte rns in different c a se s . For exam ple, in th e  Vanillinae, 
th e  m onopodial habit is achieved sim ply by th e  reten tion  of apical g row th  in the  
m em bers of a sym podium  w ith lateral inflorescences. In som e Oncidiinae, the  
m onopodial habit seem s to  have evolved by th e  reten tion  of a perm anen t juvenile 
form .
2 . Leaf Folding. In O rchidaceae, leaves m ay be folded in tw o  w ay s. Leaves 
w ith a single fold a t the  midvein and V -shaped in tran sv erse  section  are referred to  
as  conduplicate. Leaves th a t are folded or pleated along several prom inent parallel 
veins are referred to  as plicate. According to  Arditti (1992 ), conduplicate leaves are 
usually s trap-shaped  but m ay be triangular or terre te ; th ey  are o ften  thick and 
fleshy. Plicate leaves are generally thin. Am ong th e  Epidendroideae taxa , leaf type  
generally appears correlated to  hab ita t. T hat is, epiphytic tax a  typically exhibit 
conduplicate leaves, w hereas terrestrial taxa  exhibit plicate leaves. H ow ever, th e  
epiphytic tax a  Coeiogyne (Coelogyninae), Stanhopea (S tanhopeinae), and Chysis 
(Chysiinae) w ith plicate leaves are the  exceptions (Fig. 2 .1 2 ). W ith resp ec t to  leaf 
folding, the  conduplicate leaf rep resen ts  th e  predom inant evolutionary them e in the
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Epidendroideae, but the  p resen t da ta  (Fig 2 .1 2 ) does not indicate w hich condition is 
plesiom orphic in the  family.
According to  Dressier and D odson (1 9 6 0 ), th e  primitive orchid leaf is 
probably nonarticulate, w ide and plicate; th e  trend  tow ard  an  articu late l e a f , h as  
probably occurred independently  in several phyletic lines a s  th e  conduplicate  leaf 
appears to  be correlated w ith th e  epiphytic habit. C onduplicate leaves w ere  
th o ugh t to  have evolved from  plicate leaves (Dressier, 1993).
3 . Inflorescences. As defined by Arditti (1992 ), in flo rescences produced at 
th e  apex  of sh o o ts  are called term inal. T hose arising from  nodes near th e  base  of 
pseudobulbs, from the  sides of s te m s , or from leaf axils (or opposite  them ) are 
lateral. D ressier and Dodson (1960) considered th e  term inal in florescence to  be 
ancestra l and th e  lateral derived. Dressier (1993) s ta te d  th a t th e  term inal 
infloresence is clearly the  ancestra l condition; an upper lateral in florescence occurs 
occasionally in o ther groups, bu t consisten tly  occurs in th e  dendrobioid subclade.
He considered th e  basal lateral inflorescence derived but no ted  th a t th is  type  of 
inflorescence also occurs in groups characterized by term inal in flo rescences such  as 
the  Laeliinae and Pleurothallidinae. Terminal in florescences occasionally occur in 
g roups characterized by lateral inflorescences, and th e se  m ay be either ancestra l 
fea tu res  or reversals (Dressier, 1993).
The term inal inflorescence is clearly indicated as  th e  basal charac te r s ta te  in 
O rchidaceae in th e  p resen t s tudy  (Fig 2 .1 3 ). This evolutionary trend  con tinues into 
th e  Epidendroideae w here th e  m o st basal tax a , Sobralia (Sobraliinae) and Thunia 
(Thuniinae), exhibit a term inal inflorescence. A lthough the  branch leading to  th e  
Dendrobium  (Dendrobiinae)-Coe/o<7y/7e (Coelogyninae) and th e  Ceratostylis (Eriinae)-
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Eria (Eriinae) clades is equivocal, it is apparen t th a t a m ajor evolutionary shift 
tow ard  a lateral inflorescence ensued  and becam e a m ajor evolutionary them e in the  
Epidendroideae. W ithin the  grade of taxa  exhibiting th e  lateral inflorescence, only 
Pofystachya (Polystachyinae) displays an  autapom orphic reversal tow ard  the  
term inal inflorescence. Of the  14 tax a  in th is  s tu d y  exhibiting a lateral 
inflorescence, all but four (Coel/a (Coeliinae), Tipularia (Calypsoeae), Maxitiaria 
(Maxillariinae), Stanhopea, S tanhopeinae)) are of Old W orld distribution. A major 
reversal tow ard  the  term inal inflorescence am ong sub tribes of th e  New World 
Epidendreae (Meiracyliinae, Pleurothallidinae, Laeliinae, Arpophylliinae) is indicated 
by th e  character s ta te  tree  (Fig. 2 .1 3 ). Judging by th e  large num ber of species in 
Epidendroideae exhibiting either th e  term inal or lateral inflorescence, both  character 
s ta te s  m ay be considered su ccessfu l adap ta tions.
4 . Resupination. In orchids, th e  orientation of th e  lip petal (labellum) on the  
low er side of th e  flow er is referred to  a s  resupination, and is achieved by various 
m eans. In m ost c a se s , the  pedicel tw is ts  180° during bud developm ent.
Resupination is also achieved w hen  th e  pedicel bends dow n beside th e  peduncle or 
bends over the  apex of the  s te m . R esupination is passively achieved by a pendent 
infloresence. A ccording to  D ressier (1993 ), tw isting  of the  pedicel is m ediated  by 
gravity and occurs regard less of th e  position of th e  plant or rachis; resupination 
occurs in all orchid subfam ilies and is a basic fea tu re  of the  family though  it m ay be 
lo st or modified.
A s depicted  in th e  charac te r tree  (Fig. 2 .1 4 ) , resupination rep re sen ts  a 
pervasive characteristic  in the  O rchidaceae. N onresupination exhibited by th e  
d ispara te  Arpophyllum  (Arpophyliinae), Pleurothallis (Pleurothallidinae), Eria
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(Eriinae), and Polystachya (Polystachyinae) appears a s  independen t parallel 
specializations. Therefore, resupination does no t appear to  be a co n sis ten t 
charac te r a t th e  subfamilial, tribal or subtribal level. Its u se  as  a co n sis ten t 
sy s tem atic  character is probably restric ted  to  low er taxonom ic levels.
5 . Pollen A ggregation. The predom inant them e in orchid evolution m ay be 
th e  union of pollen grains into pollinia (Dressier, 1993). In th e  A postasio ideae , the  
pollen grains are free pow dery m onads no t aggregated  into pollinia. This type  of 
pollen is th e  least specialized w ithin O rchidaceae (Chen, 1 9 8 2 ; Arditti, 1 992 ), and 
clearly th e  primitive condition (Dressier, 1993 ). A lthough th e  pollen grains of m ost 
Cypripedioideae are held in a com m on viscid m ass , th ey  typically are not 
aggrega ted  into pollinia. In m ost m onandrous orchids, th e  pollen grains cohere  into 
definite m asse s . Burns-Balogh and Funk (1986) recognized, th ree  ty p es  of pollen 
ag g reg a tes  occurring in the  m onandrous orchids: 1) granulate or so ft  pollinia th a t 
m ay be com posed  of te trad s  or rarely m onads, 2) sectile  pollinia com posed  of 
individual pollen packets called m assu lae , and 3) hard com pact pollinia. Soft 
pollinia m ay be granulate or sectile , w ith sectile  representing th e  derived condition 
(D ressier, 1993). Dressier concluded th a t hard pollinia exhibited by m ost 
Epidendroideae rep resen ts  a m ore derived s ta te . A s indicated by th e  charac te r tree  
(Fig. 2 .1 5 ) , granulate pollen, rep resen ts  the  plesiom orphic condition in th e  
Epidendroideae as  exhibited by Sobralia (Sobraliinae) and Thunia (Thuniinae). This 
tree  su g g e s ts  th a t th e  condition of firm pollinia rep resen ts  th e  derived condition and 
is exhibited by th e  m ajority of taxa  representing th e  subfam ily. R eversals occur in 
th e  Arpophylliinae and Coeliinae.
Habit
Sympodial H H  
Monopodial 1 I
A rp op hyllum
P le u r o th a l l i s
R estrep ia
Zootrophion
Octomeria
B rassavo la
Epidendrum
E n c y d ia
Cattleya
M e ir a c y l l iu m
C hysis
C ym bidium
Stanhopea
M ax il lar ia
Vanda
Polystachya
Angreecum
Aerangis
Bui bophyllum
T ipu lar ia
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Spathoglott is
Calanthe
C era tosty l is
Eria
Dendrobium
Coeiogyne
Thunia
S ob ra lia
L istera
C ypriped ium
S p ira n th es
Habenaria
Neuwiedia
Figure 2.11 Character-state tree for growth habit for orchid taxa Included In
this study.
Conduplicate B H  
Plicate m  
Equivocal
A rpophyllum
F leu ro th a l l is
R estrepia
Zootrophion
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Brassavola
Epidendrum
E n cyd ia
Cattleya
M eiracy ll iu m
C hysis
Cymbidium
Stanhopea
M axil lar ia
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Polystachya
Angraecum
Aerangi3
Bulbophyllum
Tipularia
Coelia
Spathoglottis
Calanthe
C eratosty l is
Eria
Dendrobium
Coeiogyne
Thunia
Sobralia
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Cypripedium
S piranth es
Habenaria
Neuwiedia
Figure 2.12 Character-state tree for leaf type for orchid taxa included in
this study.
Infloresence
Terminal M W
Lateral [~~ l 
Equivocal E = i
A rpophyllum
P leu ro th a l l i s
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Zootrophion
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Brassavola
Epidendrum
E n cy d ia
Cattleya
M eiracy ll iu m
C hysis
C ymbidium
Stanhopea
M a x i l la n a
Vanda
Polystachya
Angraecum
Aerangis
Bulbophyllum
T ipularia
Coelia
Spathoglottis
Calanthe
C eratosty l is
Eria
Dendrobium
Coeiogyne
Thunia
Sobralia
L ister  a
C ypripedium
S piranth es
Habenaria
Neuwiedia
Figure 2.13 Character-state tree for infloresence type for orchid taxa included
in this study.
Resuplntlon
Resupinate B H  
Nonresupinate I 1
A rpophyllum
P leu ro th a l l i s
R estrepia
Zootrophion
Octomeria
Brassavola
Epidendrum
Encyclia
Cattleya
M eiracy ll iu m
C hysis
C ymbidium
Stanhopea
M axil lar ia
Yanda
Polystachya
Angraecum
Aerangis
Bu lbophyllum
Tipularia
Coelia
Spathoglottis
Calanthe
C era tosty l is
Eria
Dendrobium
Coeiogyne
Thunia
Sobralia
Listera
C ypriped ium
S piranth es
Habenaria
Neuwiedia
Figure 2.14 Character-state tree for resupination type for orchid taxa
included in this study.
Pollen Aggregation 
Firm
Granulate 
Sectile
Nonaggregated 
Equivocal
A rpophyllum
P leu ro th a l l is
R estrepia
Zootrophion
Octomeria
Brassavola
Epidendrum
Encyclia
Cattleya
M eir a cy ll iu m
C hysis
Cymbidium
Stanhopea
M axll lar ia
Vanda
Polystachya
Angraecum
Aerangls
Bulbophyllum
T ipularia
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Calanthe
C eratosty l is
Eria
Dendrobium
Coeiogyne
Thunia
S ob ra lia
Li s  t e r  a
C ypripedium
Spiran th es
Habenaria
Neuwiedia
Figure 2.15 Character-state tree for pollen aggregation type for orchid
taxa included in this study.
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D ressier (1993) believed th a t  the  Epidendroideae should no t be limited to  
th o se  orchids w ith  hard pollinia a s  there  is a continuous gradation from  th e  loose 
sticky  pollen grains exemplified by Vanilla to  th e  very hard pollinia exemplified by 
Vanda. He s ta ted  th a t  if an arbitrary line w ere draw n betw een  tax a  w ith  hard and 
so ft pollinia in an a tte m p t to  sep ara te  th e  Epidendroideae from th e  N eottioideae, the  
Epidendroideae so  delimited w ould probably be polyphyletic. The resu lts  of th is 
s tu d y  support D ressler's  conten tion  th a t th e  Epidendroideae should no t be delimited 
by the  hardness of pollinia as  th o se  taxa  w ith  so ft pollinia (Sobralia, Thunia, 
Arpophyllum, and Coefia) are clearly indicated to  be epidendroids (Fig. 2 .9 ).
6 . Num ber of Fertile A nthers. Traditionally, the  orchids have been separa ted  
into tw o  major groups based on th e  num ber and position of fertile an th e rs  (Burns- 
Balogh and Funk, 1 986 ). In th e  first group are th e  m onandrous orchids w hich 
produce a single fertile an ther and encom pass approxim ately 2 0 ,0 0 0  species. The 
second  group is com posed  of th o se  taxa  w ith tw o  or th ree  fertile an the rs , and 
en co m p asses  abou t 2 0 0  species in the  Cypripedioideae and A postasio ideae. 
Historically, th e  diandrous and triandrous orchids have been considered more 
primitive than  the  m onandrous orchids largely based on th is character (Raven and 
Axelrod, 1 974 ; Burns-Balogh and Funk; 1986 ). The evolution of th is  character is 
d iscussed  in Chapter 4.
7 . Num ber of Pollinia. The form and num ber of partitions of th e  an ther of 
m onandrous orchids determ ines th e  shape  and num ber of th e  pollinia. In m o st 
orchids th ere  are four pollinia w hich rep resen t th e  four an ther cells (Dressier, 1993). 
A ccording to  R asm ussen  (1985 ), th e  basic num ber of pollinia in O rchidaceae is 
four, representing each  pollen sac  (m icrosporangium ). The interior s tran d s  of the
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an ther tissu e  wall rem ain a s  se p ta  betw een  th e  pollinia and form th e  an ther 
partitions. Through reduction of th ese  partitions, the  pollinia m ay be only tw o  and 
by th e  form ation of secondary  partitions, th e  num ber of pollinia m ay increase up to  
tw elve . Dressier (1993) s ta te d  th a t eight pollinia probably rep resen ts  th e  primitive 
condition in th e  epidendroid phylad, and w ithin th e  tribe Epidendreae, reduction to  
six, four, and tw o  pollinia occurred independently  in th e  Laeliinae and 
Pleurothallidinae sub tribes. Pridgeon (1982) supported  th e  hypothesis th a t the  
Pleurothallidinae sh o w s a reduction series in th e  num ber of pollinia from  eigh t to  six 
to  four to  tw o  w ith  eight representing th e  primitive condition. H ow ever, Luer 
(1986) apparently  believed th a t  the  direction of pollinia evolution in Pleurothallidinae 
m ay have proceeded in th e  opposite  direction from tw o  to  eight.
The m o st parsim onious explanation for th e  evolution of pollinium num ber in 
Epidendroideae is depicted  in th e  character s ta te  tree  (Fig. 2 .1 6 ). This tree  
s u g g e s ts  th a t th e  eight pollinium condition rep resen ts  th e  basal condition in the  
subfam ily. The four pollinium s ta te  exhibited by Dendrobium  (Dendrobiinae) and 
Coelogyne (Coelogyninae) m ay be considered autapom orphic. Because m ore than  
one character s ta te  provides an  equally parsim onious explanation, th e  branch 
leading to  th e  vandoid clade is equivocal. H ow ever, it is apparen t from th e  
charac te r s ta te  tree  (Fig. 2 .16 ) th a t th e  ancestra l p recursors to  th e  vandoids 
exhibited eight pollinia.
Along th e  axis of evolutionary d escen t tow ard  th e  New World tribe 
Epidendreae, th e  eight pollinium character s ta te  rem ained unchanged along one 
branch to  the  Meiracyliinae-Laeliinae clade and along th e  o ther branch to  th e  
Arpophyliinae-Pleurothallidinae clade. Octomeria w ith  eight pollinia occupies the
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basal position w ithin subtribe Pleurothallidinae. The reduction in num ber of pollinia 
in Restrepia (four) and in Pleurothallis (two) and Zootrophion (two) is co n s is ten t 
w ith  the  hypothesis of Pridgeon (1982) and Dressier (1993) th a t  the  
Pleurothallidinae has undergone an evolutionary reduction in th e  num ber of pollinia.
A similar trend is also  noted  in th e  Laeliinae a s  Brassavola (eight pollinia) occupies 
th e  basal position w ith resp ec t to  Epidendrum, Encydia, and Cattleya  (each 
exhibiting four pollinia).
8 . C audicles. The m ajority of orchids have som e type  of accesso ry  stru c tu re  
accom panying the  pollinia and viscidium . T hese  s tru c tu re s  m ay take  th e  form  of 
pollen-em bedded caudicles or sterile caudicles w ith  a stipe . A caudicle m ay be 
defined as  a slender, m ealy, or elastic ex tension  of the  pollinium produced within 
the  an ther. The caudicle functions as  a w eak  point th a t perm its th e  pollinia to  
break aw ay  from a pollinator and a tta ch  onto  th e  stigm a of a conspecific flow er 
(Yeung, 1987).
A s described by D ressier (1993), A postasio ideae and th e  Cypripedioideae 
generally produce neither aggregated  pollen nor caudicles. A ccording to  R asm ussen  
(1986 ), the  m ost primitive caudicle is m erely an apical ex tension  of th e  pollinia as 
exhibited in Ludisia discolor (Spiranthoideae).
The m ajority of Epidendroideae have som e form  of caudicle. The vandoids 
usually exhibit a stipe  th a t is accom panied by a sterile caudicle; th e  epidendroids 
typically produce a pollen-em bedded caudicle w ithou t a stipe . Caudicles are  lacking 
in th e  M alaxideae and D endrobieae.
Blackman and Yeung (1983) perform ed developm ental s tud ies  on 
Epidendrum ibaguense and described the  caudicle a s  beginning a s  a m ass  of
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m eristem atic  cells in the  m icrosporangium . The central cells in th e  m ass  en te r a 
division cycle w hich p roduces linear te trad s . T hese  te trad s  subsequen tly  form  thick 
secondary  w alls th a t  form  th e  m ain structural e lem ent of th e  caudicle a t m aturity . 
The cells on th e  periphery of th e  m ass  are largely thin-w alled and produce large 
quan tities of a lipid polym er. A t m aturity , th e se  thin-w alled cells undergo au to lysis 
and release their lipid m asse s  th a t form th e  e lastic  joining com pound b e tw een  
ad jacen t caudicles and be tw een  caudicles and pollinia.
Dressier (1993) recognized th ree  ty p es  of caudicles: 1) hard or bony, 2) 
granular, and 3) hyaline (elastoviscin). Burns-Balogh and Funk (1986 ) recognized 
tw o  broad ty p es  of caudicles: 1) em bedded w ith  pollen; 2) sterile (elastoviscin). 
E lastoviscin is defined as a tran slucen t elastic  m aterial lacking cellular com position  
and is produced by th e  tap e tu m . According to  Dressier (1 9 9 3 ), m ealy pollinia w ith 
d istinct caudicles is th e  primitive condition. H ow ever, he considered th e  lack of 
caudicles in th e  M alaxideae and th e  Dendrobieae to  be derived; he also  considered 
th e  m assive caudicles of som e C oelogyneae to  be derived.
A s illustrated by the  character s ta te  tree  (Fig. 2 .1 7 ), th e  fertile caudicle 
appears a s  th e  basal and m o st pervasive type  of pollinium accesso ry  s tru c tu re  in 
Epidendroideae. The fertile caudicle character s ta te  rem ains unchanged  along th e  
axis of evolutionary d escen t from  th e  m o st basal taxon , Sohra/ia (Sobraliinae) to  th e  
derived Arpophyliinae-Pleurothallidinae clade. A s con tended  by D ressier (1 9 9 3 ) and 
su g g ested  by th e  character s ta te  tree  (Fig. 2 .17 ) th e  ab sen ce  of caudicles in 
Dendrobium  (Dendrobiinae) probably rep resen ts  an au tapom orphy. T hat is, lack of 
caudicles in the  Dendrobiinae w ith  hard pollinia is probably n o t hom ologous w ith
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th o se  tax a  w ith  granulate pollinia th a t also  lack fertile caudicles (e.g. Listera 
(Listeriinae) and Spiranthes (Spiranthoideae).
Sterile caudicles asso c ia ted  w ith  a stipe  appear in th e  charac te r s ta te  tree  
(Fig. 2 .1 7 ) a s  a m ajor evolutionary trend  in th e  vandoid clade. Based on th is  tree , 
Bulbophyllum  (Bulbophyliinae) descended  from  an c es to rs  exhibiting a sterile caudicle 
(and an  implied stipe). T herefore, th e  ab sen ce  of caudicles in Bulbophyliinae m ay 
be considered a reversal from  a sterile caudicle condition and no t a reversal from 
th e  fertile caudicle condition (as is th e  ca se  in Dendrobium). The con ten tion  th a t  
th e  Bulbophyliinae evolved from  taxa  exhibiting sterile caudicles and s tipes  is 
supported  by the  fac t th a t a few  species of Bulbophyllum  exhibit ham ular s tipes  
(R asm ussen , 1985). H ow ever, a view  con trary  to  th is evolutionary scenario  is 
d iscussed  in th e  following sec tion  on stipe  evolution. The fertile caudicles exhibited 
in Cymbidium  (Cyrtopodiinae) are considered a reversal form th e  sterile caudicle- 
stipe  condition. It is cautioned th a t  th is  reversal is no t necessarily  rep resen ta tive  of 
th e  Cyrtopodiinae as  o ther genera  in th is subtribe exhibit a sterile caudicle w ith 
stipe .
9 . S tipes. A s noted above, th e  m ajority of orchids have som e type  of 
accesso ry  stru c tu re  accom panying th e  pollinia and viscidium . For a m inority of 
Epidendroideae, th ese  accesso ry  s tru c tu re s  take  th e  form  of sterile caudicles w ith  a 
strap -shaped  stipe . M ost orchids w ith  s tip es  are vandoid-like tax a  (sensu  D ressier, 
1993).
Unlike the  caudicle th a t  is form ed w ithin th e  an ther, s tip es  are s tigm atic  in 
origin, developing from the  rostellum  (R asm ussen , 1 986 ). Depending on their 
on togenetic  developm ent, tw o  ty p es  of s tip es  are recognized. The tegular stipe  is
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th e  m ore com m on of th e  tw o  and is described by R asm ussen  (1985) as  a ridge or 
strap-like plate of thick-walled cells th a t  becom es freed from  th e  abaxial side of the  
rostellum  by disintegration of th e  anticlinal cell w alls. A fter an th es is , th e  plate of 
cells is glued to  th e  pollinia by viscid sterile m aterial. D ressier (1993) described th e  
tegular stipe  a s  form ed by th e  epiderm is of th e  rostellum  and clinandrium  (anther 
bed). He s ta te d  th a t  th e  tegular stipe  is said to  be rostellar in origin but m ay be 
sty lar a s  often  a s  stigm atic , so  colum nar m ay be a b e tte r  term . The tegular stipe  is 
usually a single cell thick.
The ham ular stipe  develops differently from  th e  tegular stipe . A s described 
by D ressier (1 9 9 3 ), th e  ham ular stipe  develops as  an  ex tension  of th e  rostellum  and 
form s a connection  be tw een  th e  pollinia. R asm ussen  (1985) described th e  ham ular 
stipe  as  a hook-like s truc tu re  form ed by the  apical g row th  of th e  rostellum , and 
s ta te d  th a t the  pollinarium sta lk s  provide diagnostic  charac te rs  in orchid 
classification. D ressier (1993) believed th a t each  type  of s tipe  evolved 
independently  in several g roups and th a t  caudicles are usually a prerequisite for 
stipes .
As is evident in the  charac te r-s ta te  tree  (Fig. 2 .1 8 ), s tip es  rep resen t a major 
m orphological com ponen t in th e  vandoid taxa . The tegu lar s tip e  is c o n s is ten t w ith  
th e  allied taxa: Stanhopea (S tanhopeinae); MaxiHaria (Maxillariinae); Vanda 
(Aeridinae); Po/ystachya (Polystachyinae); Angraecum  (Angraecinae); Aerangis 
(Aerangidinae). The lack of a s tipe  in Cymbidium  (Cyrtopodiinae) m ay be view ed as 
a reversal in th e  genus but no t th e  subfam ily a s  m o st Cyrtopodiinae exhibit s tipes. 
The ham ular stipe  exhibited in Tipularia (Calypsoeae) rep resen ts  an au tapom orphy.
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A s illustrated by the  character s ta te  tree  (Fig. 2 .1 8 ), the  lack of a stipe  in th e  
nonvandoid Bulbophyllum  (Bulbophyliinae) did no t occur by a reversal from  th e  stipe 
character s ta te . T hat is, th e  Bulbophyliinae evolved from a nonstipe precursor.
This evolutionary scenario  is incom patible w ith  th a t suggested  by th e  caudicle 
charac te r-s ta te  tree  (Fig. 2 .1 7 )  w here th e  absence  of a caudicle exhibited in 
Bulbophyllum  appears  a s  a reversal from th e  sterile caudicle s ta te . A s an alternative 
explanation for caudicle evolution th a t  w ould be com patible w ith  s tipe  evolution in 
th e  Epidendroideae, the  caudicle ch arac te r-s ta te  tree  should be am ended (Fig.
2 .1 8 ) . Specifically, th e  branch leading to  the  vandoid -Bulbophyllum  c lade w ould be 
changed  to  th e  "fertile caudicles" s ta te  w hich w ould imply th a t th e  sterile caudicle 
a sso c ia ted  w ith  th e  ham ular s tip e  of Tipularia would rep resen t an au tapom orphy.
1 0 . S u b stra te . M ost au thorities have held th a t  the  terrestrial habit 
rep re sen ts  th e  basal condition in O rchidaceae and the  epiphytic condition is derived 
(Schim per, 1 8 8 8 ; Goebel, 1 9 2 2 ; Garay, 1 960 ; Mulay and D eshpande, 1961 ;
Garay, 1 9 7 2 ; A ckerm an, 1 9 8 3 ; Benzing and A tw ood; 1 984 ; Benzing, 1987). 
H ow ever, th e  con ten tion  th a t  th e  O rchidaceae had a terrestrial ancestry  w as  
challenged by Robinson and Burns-Balogh (1982) on th e  basis of m icrosperm y, 
floral m odifications leading to  specialized pollination m echanism s, and root velam en. 
The evolution of epiphytism  is d iscussed  in C hapter 5.
11 . Velam en. Pridgeon (1987) attribu ted  m uch of the  su c ce ss  of th e  
O rchidaceae in colonizing m o st of th e  w orld’s  land m asse s  to  root anatom y. He 
defined velam en a s  th a t tissu e  w hich arises from root derm atogen; it c o n s is ts  of 
dead cells a t m aturity  and is bordered internally by an exoderm is provided w ith  
p assag e  cells capable of absorbing w ater and dissolved su b stan ces . Noel (1974)
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Figure 2.16 Characater-state tree for number of pollinia for orchid taxa Included
in this study.
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described cell wall s tru c tu re  and developm ent of velam en in Ansellia gigantea. T hat 
s tu d y  dem onstra ted  th a t velam en originates by periclinal divisions from  th e  root 
derm atogen . Im m ediately afte r divisions leading to  th e  form ation of th e  velam en 
have ceased , there  follow s a phase  of cell vacuolation and en largem ent. A t th is 
tim e, th e  cell w alls becom e im pregnated w ith  lignin a s  helical wall th ickenings. A t a 
level approxim ately 12 mm proximal to  th e  apical m eristem , velam en cells lose their 
cy toplasm  and die. A lthough th is resu lt in a loss of tu rgor pressure , collapse of the  
velam en is prevented by the  helical th ickenings in th e  cell wall. Perforations appear 
in th e  radial and tangential w alls soon  afte r the  d ea th  of th e  cells. T hese  
perforations rep resen t th e  final s ta g e s  in th e  breakdow n of the  prim ary pit fields.
Experim ents using 32P have dem onstra ted  th a t velam en a c ts  to  absorb  
w a te r (Sheehan e t al., 1 967 ; Barthlott and C apesius, 1975). T hese  experim ents 
dem onstra ted  th a t  th e  h ighest absorp tion  capacity  occurs in younger ro o ts  but th a t 
older living ro o ts  w ere  still capable of absorption. According to  Benzing e t al.
(1 9 8 2 ), velam en seem s designed to  m ediate m oisture  exchange and mineral 
absorp tion . They believed th a t  the  velam en a c ts  a s  a sponge allowing th e  root to  
immobilize a reservoir of m oisture  and m inerals from  precipitation or canopy 
leacha tes . O nce the  velam en is fully im bibed, the  aqueous solution lies c lose  to  the  
absorp tive exoderm al p assag e  cells; a t th is  point, w ater and sa lt en te r th e  cortex .
In Sobralia and o ther orchids th a t p o ssess  fibrous bodies, m oistu re  and 
so lu tes  m ust traverse  interstitial sp a ce s  before becom ing accessib le  to  p assag e  
cells. Benzing e t al. (1982) believed th a t th e  fibrous body provides a barrier to  
transpiration  by lengthening th e  path  w a te r m ust trav erse  to  breach th e  exoderm is 
velam en barrier. They specu la ted  th a t if th e  fibrillar com ponen ts  of th e  fibrous
body alternately  com pact and swell upon desiccation  and hydration, its m ass  would 
function like a one-w ay valve. T hat is, a c ce ss  to  underlying p a ssag e  cells w ould be 
maximal w hen  the  velam en is engorged and transpiration  im peded w hen  th e  
velam en is dry. Pridgeon e t  al. (1983) term ed  th e se  fibrous bodies "tilosom es" and 
defined them  a s  lignified excrescen ces  from  th e  w alls of cells of th e  innerm ost 
velam en cell layer ad jacent to  thin-walled p assag e  cells of th e  exoderm is. In a 
survey  of 3 5 0  orchid species in 175  genera conducted  by Pridgeon (1 9 8 7 ), 
tilosom es w ere found to  occur in 95  species of 3 9  genera; th e  p resence  of 
tilosom es is a lm ost exclusively a Neotropical phenom enon. Pridgeon (1987) found 
th a t the  p resence  and type of tilosom es could be useful for taxonom ic pu rposes a t 
the  generic and subtribal levels. He view ed m ultiseriate velam en a s  an evolutionary 
specialization designed to  diminish transpiration  ra te s  and to  allow for longer ac ce ss  
to  m oisture and dissolved m inerals. Pridgeon (1987 ) considered th e  num ber of cell 
layers a s  having little sy stem atic  utility above the  species level as  it is m ore a 
m easure  of adap tation  to  different hab ita ts  and su b s tra te s .
A s the  result of an exam ination of 3 4 4  species  of 2 6 2  genera , Porem bski 
and Barthlott (1988) developed a classification schem e based  on velam en type  for 
O rchidaceae, nam ing the  d ifferent types  after genera  exhibiting th e  syndrom e. A 
brief description of the  velam en ty p es  relevant to  th is  s tu d y  is listed in A ppendix A. 
T hese velam en ty p es  w ere based  on the  following six characters: 1) num ber of cell 
layers, 2) stratification of layers, shape , and size of single cells, 3) helical wall 
th ickenings (which often allow the  delim itation of tribes) and th e  num ber and size of 
pores perforating the  dead cell w alls (which m ay be specific for particular taxa).
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4) Stabkorper (tilosom es) w hich exhibit a variety of s tru c tu re s , 5) size and 
th ickness of exoderm al cells, and 6) types  of idioblasts in th e  cortex .
As indicated by the  ch arac te r-s ta te  tree  (F ig.2.19), velam en type  has 
undergone several major evolutionary lines of descen t in th e  Epidendroideae. The 
velam en type in the  m ost basal epidendroid taxon  Sobralia (Sobraliinae) is 
undefined, therefore , the  plesiom orphic velam en type  is unresolved. Of the  
recognized ty p es , the  Coelogyne velam en type a s  exhibited in Thunia and 
Coelogyne appears a s  the  plesiom orphic condition.
The Calanthe velam en ty p e  nex t appears along th e  axis of evolutionary 
d escen t a s  exhibited in Eria and Ceratostylis (Eriinae); in Spathoglottis and Calanthe 
(Bletiinae), and Tipularia (Calyposeae). As indicated by the  ch arac te r-s ta te  tre e  (Fig.
2 .1 9 ), th e  Epidendrum velam en type  appears along the  axis of evolutionary descen t 
as  exhibited in the  New World Epidendreae sub tribes (Meiracyliinae, Laeliinae, and 
Arpophyliinae). W ithin th e  New World tribe Epidendreae, the  Pleurothallis velam en 
type  (exhibited by all m em bers of subtribe Pleurothallidinae) rep resen ts  th e  derived 
s ta te .
The Vanda velam en type  is consisten tly  exhibited by th e  th ree  V andeae 
subtribes Aeridinae, A erangidinae, and A ngraecinae. W ith th e  exception  of 
Tipularia (Calypsoeae), th e  th ree  rep resen ta tives of th e  cymbidioid phylad:
Cymbidium  (Cymbidieae), Stanhopea (Maxillarieae), Maxillaria (Maxillarieae) 
consisten tly  exhibit th e  Cymbidium  velam en type. As suggested  by th e  character 
s ta te  tree  (Fig. 2 .1 9 ), velam en type  appears a s  a co n sis ten t phylogenetically 
inform ative character since no reversals nor parallelism s appear to  have occurred in 
the  Epidendroideae.
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1 2 . S eeds. Orchid seed s  are  very sm all, d u s t like and co n sis t of a tiny 
rudim entary em bryo su spended  in a reticulate or net-like te s ta  and surrounded by a 
large volum e of space  (Arditti, 1992). They range from 3 to  14ug in w eigh t and 
from  0 .4  to  1 .25m m  long. Som e species m ay produce a s  few  as  1 ,3 0 0  se ed s  per 
capsu le , w hereas o thers  m ay produce as m any a s  4  million. M ost species  lack an 
endosperm  and cotyledon.
In the  A postasio ideae and Cypripedioideae, th e  te s ta  is opaque, scu lp tured , 
and derived from th e  inner and ou ter in tegum ents of th e  ovule. All o ther orchid 
seed s  have tran sp aren t te s ta e  derived from  th e  ou term ost ovule in tegum ent. The 
te s ta e  becom e tran sp aren t a s  th e  ou term ost cell layer of th e  in tegum ent loses its 
p ro top lasts (Garay, 1960). B ecause only th e  outer layer of the  outer in tegum ent 
p ersis ts  in the  m ature orchid seed , Barthlott (1976) believed th a t  th is  m orphology 
m ay have adaptive significance w ith  regard to  aerodynam ic and w ettability  
properties. S eeds of th e  A postasio ideae and the  Cypripedioideae are generally 
considered to  rep resen t th e  primitive s ta te  in O rchidaceae (Garay, 1 9 60 ; Chen,
1 982 ; Arditti, 1992).
Until recently , the  use of se ed s  in orchid classification h as  been neglected . 
Scanning electron m icroscopy (SEM) has allow ed bo tan ists  to  survey  a larger 
selection  of orchid se ed s  (Dressier, 1993). For exam ple, B arthlott (1976 ) used  SEM 
to  survey  th e  se ed s  of 150  species of 58 orchid genera. He concluded th a t seed  
m orphology can be used  to  sep ara te  genera is m ost im portan t a t the  subtribal and 
tribal levels. Dressier (1993) h as  sum m arized and modified seed  ty p es  a s  defined 
by Ziegler (unpublished). T hese seed  ty p es  are defined in A ppendix B.
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Due to  undefined seed  ty p es  in Ceratostylis (Eriinae) Eria (Eriinae), and 
undeterm ined seed  ty p es  of Spathoglottis (Bletiinae) and Calanthe (Bletiinae), an 
overall evolutionary trend in th e  Epidendroideae canno t be determ ined by th e  
character s ta te  tree  (Fig. 2 .2 0 ) . H ow ever, several major tren d s in seed  evolution 
are  evident. For exam ple, th e  closely aligned Dendrobium (Den6rob\\nae)-Coelogyne 
(Coelogyninae) clade and Thunia (Thuiinae) share  th e  Dendrobium  seed  type. Based 
on th e  character tree  (Fig. 2 .2 0 ) , th e  Dendrobium  seed  type exhibited in 
Bulbophyllum  (Bulbophylliinae) appears to  rep resen t parallel or convergen t evolution 
in th is seed  type. The Po/ystachya (Polystachyinae)-Angraecum  (Angraecinae)- 
Aerangis (Aerangidinae)-Vanda (Aeridinae) association  exhibits the  Vanda seed  type. 
A s th is  seed  type  displays no reversals or parallelism s in th e  character s ta te  tree  
(Fig. 2 .2 0 ) , th e  Vanda seed  type  appears as a consis ten t hom ologous character.
A lthough th e  Pleurothallis seed  type exhibited by over 3 ,0 0 0  species in the  
Pleurothallidinae and the  Epidendrum  seed  type  exhibited by over 1 ,4 0 0  species  in 
th e  Laeliinae are th e  predom inant seed  ty p es  found in the  New World tribe 
Epidendreae, th e  character s ta te  tree  (Fig. 2 .2 0 ) su g g e s ts  th a t th e  EHeanthus seed  
type  rep resen ts  th e  plesiom orphic seed  type  in th is largest of all orchid tribes. From 
Chysis (Chysiinae) along one branch tow ard  th e  Arpophyliinae and along ano ther 
branch tow ard  Meiracyliinae th e  EHeanthus seed  type appears to  have been the  
precursor th a t led to  both th e  Pleurothallis and Epidendrum  seed  types.
13 . Fusion of A nthers to  Style. The gynostem ium  (column) is th e  central 
s tru c tu re  of an orchid flow er and is variously form ed by the  fusion of s ty le , stigm a, 
filam ents, and stam inodia. The basic condition occurs in Neuwiedia  w ith only basal 
fusion of sty le  and filam ents. The length of the  style varies according to  species;
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how ever, th e  th ree  an thers are alw ays below the  stigm a base  a t an thesis. The 
filam ents of th e  tw o  fertile an the rs  in Cypripedioideae are app ressed  to  th e  sty le .
The an ther lobes are large and rounded; th e  stam inode is prom inently expanded. In 
th e  m onandrous orchids, the  sty le  is fused w ith th e  filam ents, stam inodia , and 
stigm a; th ey  exhibit the  m o st ex trem e level of fusion betw een  th e  gynostem ium  
and androecium .
Burns-Balogh and Funk (1986) considered th e  progression in fusion of filam ents 
to  be one of th e  major trends in th e  evolution of O rchidaceae. They su g g ested  th a t  
th e  fusion of filam ents resulted  in th e  evolution of th ree  pollination sy s te m s. One 
described  sy stem  occurs in the  A postasio ideae w here  filam ent fusion and an ther 
expansion  have led to  the  form ation of a typical "buzz-pollination" flow er. The 
second  occurs in the  Cypripedioideae w here th e  fusion of filam ents in the  
androecium  along w ith tw o  fertile an thers  on either side of a  w ide stam inode has 
produced a trap  blossom  in conjunction w ith an inflated labellum. T he third sy stem  
occurs in th e  m onandrous orchids w here th e  fusion of filam ents h as  resu lted  in the  
reduction of spatial isolation be tw een  stigm a and an ther. A ccording to  Burns- 
Balogh and Funk (1986), th is reduction in d istance  h as  perm itted  th e  evolution and 
diversity of th e  pollinarium; severe  spatial isolation be tw een  an ther and rostellum  
w ould be d isadvan tageous a s  it would preclude th e  connection  be tw een  dry pollinia 
and th e  viscidium .
The root for the  ch arac te r-s ta te  tree  (Fig. 2 .2 1 )  m ay be considered  to  
rep resen t th e  evolutionary line of d escen t of th e  ancestra l orchids. B ecause th e  
ancestra l s ta te  for the  degree of fusion of an thers  and sty le in ancestra l orchids is 
unknow n, it is unresolved w hether basal fusion of sty le  and filam ents as exhibited
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Figure 2.20 Character-state tree for seed type for orchid taxa included in
this study.
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Figure 2 .21  Character-state tree for style fusion for orchid taxa included
in this study.
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in Neuwiedia rep resen ts  th e  plesiom orphic s ta te  in th e  ex tan t orchids or m erely an
autapom orphy. The ch arac te r-s ta te  tree  (Fig. 2 .2 1 ) illustrates th a t the  condition
w here  filam ents of the  tw o  fertile an thers  are appressed  to  th e  sty le  (as exhibited in
Cypripedium) arose from  th e  m onandrous s ta te  th a t  is characterized by a sty le  th a t
is fused  w ith filam ents, stam inodia, and stigm a. The fusion of an th e rs  and sty le  as
exhibited in Cypripedium m ay be explained m o st parsim oniously a s  an
autapom orphy and not a reversal along the  predom inant line of orchid evolution th a t
is characterized by the  fusion of sty le , filam ents, stam inodia, and stigm a exhibited
in th e  m onandrous orchids.
As previously s ta te d , th e  13 m orphological charac te rs  used in th is  s tudy
bring a substan tia l degree of resolution to  the  phylogenetic relationships of th e
Epidendroideae, albeit branch support for th ese  relationships is typically w eak  in
te rm s of boo tstrap  values and decay  indices. In the  aggregate , th e se  charac te rs
show  little hom oplasy and offer new  insights into th e  m orphological evolution of
Epidendroideae. W ith the  exception of the  character for resupination, th ese
charac te rs  appear to  be useful in higher level sy stem atic  s tud ies  of th e  O rchidaceae.
LITERATURE CITED
A ckerm an, J . D. (1983). On th e  evidence for a primitively epiphytic habit in 
orchids. S ystem atic  Botany 8: 4 7 4 -4 7 6 .
Arditti, J . 1 9 9 2 . Fundam entals of Orchid Biology. John  W iley & S ons, New York.
A tw ood , J .  T. J r. 1984 . The relationships of th e  slipper orchids (Subfamily 
Cypripedioideae). Selbyana 7: 1 2 9 -2 4 7 .
Baldwin, B. G. 1 9 9 3 . M olecular phylogenetics of Calycadenia (Com positae) based  
on ITS seq u en ces  of nuclear ribosom al DNA: chrom osom al and 
m orphological evolution reexam ined. Am erican Journal of Botany 
80 : 2 2 2 -2 3 8 .
107
B arthlott, W. 1 9 7 6 . M orphologie der Sam en von Orchideen im Hinblick auf
taxonom ische und funktionelle A spekte. Proceedings of the  8 th  W orld Orchid 
C onference, Frankfurt, 4 4 4 -4 5 5 .
 . and I. C apesius. 1 9 7 5 . M ikrom orphologische und funktionelle
U ntersuchungen am Velam en Radicum der O rchideen. Berichte der 
D eutschen  B otanischen G esellschaft 88 : 3 7 9 -3 9 0 .
Baum, D. A. and K. J . Sy tsrna. 1 9 9 4 . A phylogenetic analysis of Epilobium  
(Onagraceae) based on nuclear ribosom al DNA seq u en ces . S ystem atic  
Botany 19: 3 6 3 -3 8 8 .
Benzing, D. H. 1 9 8 7 . Major p a tte rn s  and p rocesses  in orchid evolution: a  critical
syn thesis. In: J . Arditti, (ed.). Orchid Biology: Reviews and P erspectives Vol. 
IV. C om stock Publishing A ssoc ia tes, Ithaca, pp 3 4 -7 7 .
Benzing, D. H., D. W. O tt, and W . E. Friedman. 1 9 8 2 . R oots of Sobralia macrantha 
(Orchidaceae): s tru c tu re  and function of th e  velrnen-exoderm is com plex. 
Am erican Journal of Botany 69 : 6 0 8 -6 1 4 .
Benzing, D. H. and J .T . A tw ood Jr. (1984) O rchidaceae: A ncestral hab ita ts  and 
curren t s ta tu s  in fo rest canopies. S ystem atic  Botany 9: 1 5 5 -1 6 5 .
Blackman, S. J . and E. C. Yeung. 1 9 8 3 . S tructural developm ent of th e  caudicle of 
an orchid (Epidendrum). A m erican Journal of Botany 70: 9 7 -1 0 5 .
Bull, J .  J . ,  J . P. H uelsenbeck, C. W . Cunningham , D. L. Sw offord , and P. J .
W addell. 1 9 9 3 . Partitioning and combining data  in phylogenetic analysis. 
S ystem atic  Biology 4 2 : 3 8 4 -3 9 7 .
Burns-Balogh, P. and V. A. Funk. 1 8 8 6 . A phylogenetic analysis of th e  O rchidaceae. 
Sm ithsonian C ontributions to  Botany 61: 1-79.
Chen, S. C. 19 8 2 . The origin and early differentiation of the  O rchidaceae. A cta 
Phytotaxonom ica Sinica 20 : 1-22.
Clegg, M. T. and G. Zuraw ski. 1 9 9 2 . Chloroplast DNA and th e  s tudy  of plant 
phylogeny: p resen t s ta tu s  and fu ture p rospects. In: P. S. Soltis, D. E.
Soltis, and J .  J . Doyle (eds.), M olecular S ystem atics  of Plants.
Chapm an and Hall, New York, pp 1-13.
D onoghue, M .J. and M .J. S anderson  1 9 9 2 . The suitability of m olecular and
m orphological evidence in reconstructing  plant phylogeny. In: P .S . Soltis,
D.E. Soltis, and J .J .  Doyle (eds.). M olecular S y stem atics  of Plants.
Chapm an and Hall, New York, pp 3 4 0 -3 6 8 .
108
D onoghue, M. J . ,  J . O lm stead, J . F. Sm ith, and J . D. Palmer. 1 9 9 2 . Phylogenetic 
relationships of D ipsacales based on rbcL sequences . Annals of the  M issouri 
Botanical Garden 79: 3 3 3 -3 4 5 .
Doyle, J .  J . and J . L. Doyle. 1 9 8 7 . A rapid DNA isolation procedure for small 
quantities of fresh  leaf tissue . Phytochem ical Bulletin 19: 11 -15 .
D ressier, R. L., and C. H. D odson. 1 9 6 0 . C lassification and phylogeny in the  
O rchidaceae. Annals of th e  M issouri Botanical G arden 4 7 : 2 5 -6 8 .
 . 1 9 8 1 . The Orchids: Natural History and C lassification. Harvard
University P ress, Cam bridge, MA .
 . 1 9 9 3 . Phylogeny and C lassification of the  Orchid Family. D ioscorides P ress.
Portland, Oregon.
Felsenstein , J .  1 9 8 5 . Confidence limits on phylogenies: an  approach  using the  
boo tstrap . Evolution 3 9 :7 8 3 -7 9 1 .
Garay, L. A. (1 9 6 0 ). On the  Origin of th e  O rchidaceae. Botanical M useum  Leafllets 
19: 5 7 -95 .
Garay, L. A. 1 9 7 2 . On th e  origin of th e  O rchidaceae, II. Journal of th e  Arnold 
A rboretum  53: 2 0 2 -2 1 5 .
Goebel, K. 1 9 2 2 . Erdwurzeln mit Velam en. Flora 115: 1-26.
Good, I. J . 1 9 8 3 . Good Thinking: The Foundations of Probability and Its 
A pplications. Univ. M innesota P ress, M inneapolis, MN.
Hem pel, C. G. 1 9 6 5 . A sp ec ts  of Scientific Explanation. Free P ress, N.Y.
H ibbett, D. S. and R. Vilgalys (1993). Phylogenetic relationships of Lentinus
(Basidiomycotina) inferred from  m olecular and m orphological charac te rs. 
S ystem atic  Botany 18: 4 0 9 -4 3 3 .
Higgins, D. G ., A. J . Bleasby, and R. Fuchs 1 9 9 1 . CLUSTAL V: im proved so ftw are  
for m ultiple sequence  alignm ent.
Hillis, D. 1 9 8 7 . M olecular v ersu s m orphological approaches to  sy s tem atic s . Annual 
Review of Ecology and S ystem atics  18: 23  -42 .
H iratsuka, J . ,  S. Hiroaki, R. W hittier, T. Ishibashi, M S akam oto , M. Mori, C. Kondo, 
Y. Honji, C. Sun, B. M eng, Y. Li, A. Kanno, Y. N ishizaw a, A. Hirai, K. 
Shinozaki, and M .Sugiura. 1 9 8 9 . The com plete sequence  of the  rice (Oryza 
sativa) chloroplast genom e: Interm olecular recom bination be tw een  distinct 
tRNA g enes acco u n ts  for a major plastid DNA inversion during th e  evolution 
of cereals. M olecular and General G enetics 2 1 7 : 1 8 5 -1 9 4 .
109
H olttum , R. E. 1 9 5 5 . G row th-habits of m onocotyledons-variations on a them e. 
Phytom orphology 5: 3 9 9 -4 2 3 .
Ja n se n , R. K. 1 9 9 2 . Current research . Plant M olecular Evolution N ew sletter 
2: 13-14
Kluge, A. G. 1 9 8 9 . A concern  for evidence and a phylogenetic hypothesis of 
relationships am ong Epicrates (Boidae, Serpentes). S ystem atic  Zoology 
38 : 7 -25 .
Loyd, D. G. and V. L. Calder. 1 9 9 1 . M ulti-residue gaps, a c lass  of m olecular
charac te rs  w ith exceptional reliability for phylogenetic analyses. Journal of 
Evolutionary Biology 4: 9 -21 .
Luer, C.A. 1 9 8 6  leones Pleurothallidinarum  I. S ystem atics  of th e  Pleurothallidinae. 
Annals of the  M issouri Botanical Garden, S t. Louis, Missouri.
Lutzoni, F. and R. Vilgalys. In p ress. Integration of m orphological and m olecular 
d a ta  s e ts  in estim ating  fungal phylogenies. Canadian Journal of Botany.
M addison, W. P. and D. R. M addison. 1 9 9 2 . M acClade: A nalysis of phylogeny and 
charac te r evolution. Version 3 .0 . Sunderland, M assachusetts: Sinauer 
A ssoc ia tes.
Mulay, B. N. and B. D. D eshpande. 1 9 6 1 . Velam en in terrestrial m onoco ts - role of 
velam en tissu e  in taxonom y and phylogeny of m onocotyledons. Proceedings 
of th e  R ajasthan A cadem y of Science 8 :1 1 5 -1 2 0 .
Mullis, K. B. and F. A. Fallona. 1 9 8 7 . Specific syn thesis  of DNA in vitro via a 
polym erase chain reaction . M ethods in Enzymology 155 : 3 3 5 -3 5 0 .
Noel, A. R. A. 1 9 7 4 . A sp ec ts  of cell wall struc tu re  and th e  developm ent of velam en 
in Ansellia gigantea Reichb. f. A nnals of Botany (London) 38: 4 9 5 -5 0 4 .
O lm stead, R. G., J . A. S w eere , P. A. Reeves, R. E. Spangler, R. W. Scotland and S. 
J .  W agstaff. 1 9 9 3 b . Com paring and combining ndh? and rbcL seq u en ces  for 
phylogenetic inference. (A bstract) Am erican Journal of Botany 80: 121 .
 . J . A. S w eere , and K. H. W olfe. 1 9 9 3 b . Ninety ex tra  nucleotides in ndhF
gene of tobacco  ch loroplast DNA: A sum m ary of revisions to  th e  1 9 8 6  
genom e sequence . Plant M olecular Biology 22 : 1 1 9 1 -1 1 9 3
  . and J . D. Palmer 1 9 9 4 . Chloroplast DNA sy stem atics : a review of
m ethods and d a ta  analysis. Am erican Journal of Botany 81 : 1 2 0 5 -1 2 2 4 .
 . and J.A . Sw eere . 1 9 9 4 . Combining d a ta  in phylogenetic
sy stem atics : a empirical approach  using th ree  m olecular da ta  s e ts  in the  
So lanaceae. S ystem atic  Biology 4 3 : 4 6 7 -4 8 1 .
110
Palm er, J .  D., R. K. Jan se n , H. J . M ichaels, M. W . C hase, and J . R. M anhart. 1 9 8 8 . 
Chloroplast DNA variation and plant phylogeny. A nnals of th e  M issouri 
Botanical Garden 75 : 1 1 8 0 -1 2 0 6 .
Porem bski, S ., and W. B arthlott. 1 9 8 8 . Velamen radicum  m icrom orphology and 
classification of O rchidaceae. Nordic Journal of Botany 8: 1 1 7 -1 3 7 .
Pridgeon, A. M .1982 . Numerical analyses in the  classification of the
Pleurothallidinae (Orchidaceae). Botanical Journal of the  Linnean Society  
8 5 : 10 3 -1 3 1 .
Pridgeon, A. M ., W. L. S tern , and D. H. Benzing. 19 8 3 . T ilosom es in roo ts  of
O rchidaceae: m orphology and sy stem atic  occurrence. A m erican Journal of 
Botany 70: 1 3 6 5 -1 3 7 7 .
Pridgeon, A. M. 19 8 7 . The velam en and exoderm is of orchid roo ts . In:
J.A rd itti, (ed.). Orchid Biology: Reviews and Perspectives Vol. IV. C om stock 
Publishing A ssocia tes, Ithaca, pp 14 0 -1 9 2 .
R asm ussen , F. N. (1985). Orchids. In: Dahlgren, R. M. T ., H. T. Clifford, and P. F. 
Yeo (eds.) The Families of the  M onocotyledons; S tructu re , Evolution, and 
Taxonom y.Springer-V erlag, Berlin, pp 2 4 9 -2 7 4 .
R asm ussen , F. N. 1986 . On th e  various con trivances by w hich pollinia are a ttach ed  
to  viscidia. Lindleyana 1(1): 2 1 -32 .
Raven, P. H., and D. I. Axelrod. 1 9 7 4 . A ngiosperm  biogeography and p as t 
continental m ovem ents. Annals of the  M issouri Botanical Garden 
61 : 5 3 9 -6 7 3 .
Revera, M. C. and J . A. Lake. 1 9 9 2 . Evidence th a t eukaryo tes and eocy te  
prokaryotes are im m ediate relatives. Science 2 5 7 : 7 4 -7 6 .
Robinson, H. and P. Burns-Balogh. 19 8 2 . Evidence for a primitively epiphytic habit 
in O rchidaceae. S ystem atic  Botany 7: 3 5 3 -3 5 8 .
Saiki, R. K., D. H. Gelfand, S . Stoffel, S. J .  Scharf, R. Huiguchi, G. T. Horn, K. B. 
Mullis, and H. A. Erlich. 1 9 8 8 . Prim er-directed enzym atic am plification of 
DNA w ith therm ostab le  DNA polym erase. Science 2 3 9 : 4 8 7 -4 9 1 .
S anderson , M. J . 1989 . Confidence limits on phylogenies. C ladistics. 5: 1 1 3 -1 2 9 .
Sch luch ter, W. M., J . Zhao and D. A. Bryant. 1 9 9 3 . Isolation and characterization 
of th e  rtdhF gene of Synechococcus sp . strain  PCC 7 0 0 2  and initial 
characterization of an in terposon m u tan t. Journal of Bacteriology, 175: 
3 3 4 2 -3 3 5 2 .
111
Sheehan , T .J .,  N. Joiner, and J .  K. C ow art. 1 9 6 7 . A bsorption of 32P by Cattleya 
T rim o s ' from  foliar and root applications. Proceedings of the  Florida S ta te  
Horticultural Society  8 0 : 4 0 0 -4 0 4 .
Shim ada, H. and M. Sugiura. 1 9 9 1 . Fine structural fea tu res of th e  chloroplast
genom e: com parison of the  sequenced  chloroplast genom es. Nucleic Acids 
Research 19: 9 8 3 -9 9 4 .
Schim per, A. F. W . 1 8 8 8 . Die epiphytische V egetation Am erikas. Botanische 
M itteilungen aus den Tropen. II, 1 6 2  pp. Je n a  (G ustav Fisher).
Small. J . 1 9 8 9 . Evolution of plant m itochondrial genom es via substo ich iom etric  
in term ediates. Cell 58 : 6 9 -76 .
Sugiura, M. 1 9 8 9 . The chloroplast genom e. The Biochem istry of Plants 
15: 1 3 3 -1 5 0 .
Sw offord , D.L. 1 9 9 3 . Phylogenetic Analysis Using Parsim ony. Version 3 .1 .1 . 
Cham paign Illinois: Illinois Natural History Survey.
Sw offord  D. L. and Begle, D. P. 1 9 9 3 . Phylogenetic A nalysis Using Parsim ony. 
Illinois Natural H istory Survey, Cham paign, Illinois.
de Vogel, E. F. 1 9 6 9 . M onograph of the  tribe A postasieae  (O rchidaceae). Blumea 
17: 3 1 3 -3 5 0 .
W akasugi, T, J . Tsudzuki, S. Ito, K. N akashim a, T. Tsudzuki, and M. Sugiura. Loss 
of all ndh g enes as determ ined by sequencing the  entire chloroplast genom e 
of th e  black pine, Pinus thunbergii. Proceedings of th e  National A cadem y of 
Science 91 : 9 7 9 4 -  9 7 9 8 .
W en-H suing, L. and D. Graur. 1 9 9 1 . Fundam entals of M olecular Evolution. Sinauer 
A sso c ia tes, Inc., Sunderland, MA.
Yeung, E. C. 1 9 8 7 . D evelopm ent of pollen and accesso ry  s tru c tu re s  in orchids. Pp 
1 9 5 -2 2 6  in J  .Arditti, (ed.). Orchid Biology: Review s and P erspectives Vol. 
IV. C om stock  Publishing A ssoc ia tes, Ithaca.
CHAPTER 3
PHYLOGENY OF SUBFAMILY EPIDENDROIDEAE (ORCHIDACEAE) INFERRED FROM 
CHLOROPLAST ndliF GENE SEQUENCES BASED ON A MAXIMUM LIKELIHOOD
ANALYSIS
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The purpose of th is s tu d y  w as  to  em ploy a m axim um  likelihood m ethod 
using ndhF sequences: 1) to  infer a phylogeny of th e  taxa  listed in Table 2 .2 ,
2) to  evaluate th e  e ffec ts  of differing transversion  w eighting param eters  and jum ble 
se ed s  used in th e  fastDNAml algorithm  on resulting tree  topologies and log 
likelihood values, and 3) to  com pare th e  phylogeny inferred from th e  m axim um  
likelihood tree  w ith  the  h ighest log likelihood value to  phylogenies inferred from  
parsim ony analyses.
Inferring phylogenetic relationships from  m olecular da ta  requires the  
selection of an appropriate m ethod  from  an  array of techn iques (Sw offord and 
O lsen, 1 990 ). Inferring a phylogeny is an estim ation  procedure producing a best 
e s tim ate  of an evolutionary history  based on incom plete inform ation. In th e  con tex t 
of m olecular sy s tem atic s , direct inform ation abou t th e  p as t is generally unavailable; 
a c ce ss  is th u s  restric ted  to  contem porary  species and m olecules (Sw offord and 
O lsen, 1990).
Tw o assum ptions are n ecessary  in all character-based  m ethods of analysis:
1) independence am ong charac te rs  w hich allow s the  trea tm en t of each  position as  
a sep ara te  en tity  in tim e-consum ing com putational algorithm s (e.g. num bers of 
su b stitu tio n s  can be minimized separa te ly  position by position and th en  sum m ed 
over all positions in a parsim ony algorithm  or probabilities can  be multiplied over 
positions in a m axim um  likelihood approach), and 2) charac te rs  are hom ologous 
(e.g. a character m u st be defined such  th a t all s ta te s  observed over all tax a  for th a t 
particular character m ust have been derived from  a corresponding s ta te  observed  in 
th e  com m on ancesto r). If phylogenetic relationships are to  be inferred from 
m olecular relationships, th e  definition of hom ology m u st be further restric ted  to
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include only orthologous, a s  opposed to  paralogous genes (Sw offord and Olsen, 
1990).
Of the  existing num erical approaches to  inferring phylogenies directly from 
th e  charac te r da ta , m ethods based  on the  principle of m axim um  parsim ony have 
been  the  m o st widely used  by far (Sw offord and O lsen, 1990). Inferring phylogeny 
through  parsim ony m ethods operate  by selecting tre e s  th a t minimize tree  length (ie. 
th e  to tal num ber of s tep s) (Felsenstein, 1 983 ; Sw offord  and O lsen, 1 9 90 ; Sw offord 
and Begle, 1993). The theo ry  behind parsim ony analysis is th a t  a sim ple hypothesis 
is preferable to  m ore com plicated  or ad hoc hypothesis.
Parsim ony m ethods m ay yield inconsisten t e s tim a tes  of th e  evolutionary tree  
w hen  am oun ts of evolutionary change in different lineages are sufficiently unequal 
(Felsenstein, 1 9 7 8 ; H asegaw a and Fujiwara, 1 993 ). M ost da ta  involve m odera te  to  
large am oun ts of change, and in th e se  c a se s , parsim ony m ethods can fail 
(Felsenstein, 1981). To apply a m axim um  likelihood approach , a concre te  model of 
th e  evolutionary p rocess th a t converts one sequence  to  ano ther m ust be specified.
A m axim um  likelihood approach  to  phylogenetic inference based  on m olecular da ta  
evaluates the  net likelihood th a t th e  given evolutionary model will yield the  observed 
seq u en ces , and the  inferred phylogenies are th o se  w ith  th e  h ighest likelihood 
(Sw offord and O lsen, 1990). The m axim um  likelihood model accoun ts  for 
su b stitu tio n s  occurring m ore frequently  betw een  pairs of physicochem ically similar 
ones (H asegaw a and Fujiwara, 1 993 ), and is suitable in problem s w here th e  am ount 
of d a ta  is limited (Goldman, 1 990 ). A ssum ptions of the  m axim um  likelihood m odel 
are: 1) each  site  evolves independently , 2) different lineages evolve independently,
115
3) each  s ite  undergoes substitu tion  at an expected  ra te  th a t m u st be specified , and
4) all s ite s  are included (not ju st th o se  th a t have changed) (Felsenstein, 1993).
MATERIALS AND METHODS
S equences  from tax a  used  in parsim ony analyses (Table 2 .2 ) w ere  used  in 
th is  m axim um  likelihood analysis. DNA extraction, purification, and sequencing  
techn iques  are  d iscussed  in C hapter 2.
Phylogenetic analyses w ere perform ed using th e  m axim um  likelihood search  
algorithm  fastDNAml (version 1 .0 , Olsen, 1994). This program  is a 
com putationally  fas te r version of F elsenstein 's  DNAML, and is coded in the  
language "C" (Felsenstein, 1993). T rees w ere sough t using th e  following options:
1) F: empirical base  frequencies of input seq u en ces  w ere  u sed , 2) T: various 
transversion-w eighing param eters w ere te s te d  to  determ ine their e ffec t on tree  
topology and log likelihood values, 3) 0 :  outgroup w a s  specified (Oryza sativa), and 
4) J : input order of sequence  w a s  random ized (jumble seeds) in som e c a se s  and not 
random ized in o ther c a ses  to  determ ine th e  e ffec t th is option h as  on tree  topology 
and log likelihood values.
RESULTS
S eq u en ces  for the  3 6  tax a  included in th is s tu d y  (Table 2 .2 ) w ere  te s te d  
using M acClade so ftw are  (M addison and M addison, 1992) to  determ ine th e  
es tim a ted  ratios of transitions to  transversions. Using one of th e  531 tre e s  
d iscovered using parsim ony m ethods w ith unw eighted ndhF se q u en ces  (C hapter 2), 
th e  minimum  and m axim um  frequency of base changes be tw een  s ta te s  w a s  
calcu lated , and are represen ted  numerically and pictorially (Figs. 3.1 and 3 .2 ).
T hese  figures su g g e s t a general level of sym m etry  be tw een  com plem entary  base
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A C G T
A 75 69 32
C
From:
57 15 93
G 123 24 73
T 39 92 46
Figure 3.1 Frequency of minimum and m aximum  base  changes be tw een  s ta te s  
calculated from  a single tree  discovered by parsim ony analysis using ndh? 
seq u en ces  for all taxa  included in th is study .
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To:
c
From:
G
( | | )  Transversions 
^  Transitions
Figure 3 .2  Frequency of base changes betw een  s ta te s  p resen ted  by circular areas 
calculated from a single tree  discovered by parsim ony analysis using n dhf 
seq u en ces  for all taxa included in th is study.
118
changes. For exam ple, th e  frequency  of changes from  base  G to  base C (a 
transversion) is nearly equal to  the  frequency of change from  base C to  
base  G (Figs 3 .1 ; 3 .2 ). From th e se  analyses, th e  to ta l num ber of unam biguous 
transversions w ere  calculated a t  3 6 1 , and th e  to ta l num ber of unam biguous 
transitions w ere 3 7 7 . Using th e se  values, th e  ratio of transitions to  tran sversions 
is 1 .0 4  : 1.
To find tree s  w ith the  h ighest log likelihoods, an  array of transversion  
w eighing param eters w ere designated  in sep ara te  m axim um  likelihood analyses. For 
th is  series of analyses, th e  J  option (random ization of input data) w a s  not in effec t. 
The param eters used  in th ese  ana ly ses w ere: 1 .0  (no w eight given to  
transversions); 1 .0 4  (the empirically derived w eight from  parsim ony analysis); 1.1 
(minimal w eight given to  transversions); 2 .0  (default weighing in fastDNAml); 3 .0 , 
4 .0 , and 5 .0  (progressively heavier weighing of transversions). The log likelihood 
values for tre e s  produced using th ese  param eters are listed in Table 3 .1 . All 
w eighing param eters (with the  exception of 5 .0 ) resulted  in the  sam e  topology (here 
designated  as topology "A"); (Fig 3 .3 ). The param eter of 5 .0  resu lted  in topology 
"D" (Fig 3 .4 ). A graph of the  e ffec t of transversion  w eighing param eters on the  
log likelihood values for tre e s  produced is presented  in Figure 3 .5 .
The resu lts  of th ese  analyses su g g e s ts  th a t topology A (Fig. 3 .3 ) is stab le  
through  a broad range of transversion  weighing param eters. Only a t  th e  ex trem e 
w eighting of 5 .0  does  th e  topology experience change. A lthough th e  resu lts  
su g g e s t th a t  the  transversion  w eighing of 1.1 p roduces th e  tree  w ith  the  g rea te s t 
log likelihood (-7 ,4 7 3 .9 5 ), the  empirically derived param eter (1 .04) p roduces only a
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Table 3.1 Log likelihood values and tree  topology designations resulting from 
maximum  likelihood search es  using th e  given transversion  w eighting param eters, 
w ith jumble seed  (137) param eter in e ffec t versus not in effec t.
T ransversion Jum ble Seed  (137) Log Likelihood Topology
w eighting U sed? (Yes / No) Designation
param eter
1.0 No -7 ,4 7 6 .1 5 A
1.0 Yes -7 ,4 8 2 .5 7 B
1 .0 4 No -7 ,4 7 4 .9 0 A
1 .04 Yes -7 ,4 8 1 .0 9 B
1.1 No -7 ,4 7 3 .9 5 A
1.1 Yes -7 ,4 7 9 .6 6 B
2 .0 No -7 ,5 1 3 .0 0 A
2 .0 Yes -7 ,5 1 7 .8 0 C
3 .0 No -7 ,5 8 8 .4 0 A
4 .0 No -7 ,6 6 2 .8 6 A
5 .0 No -7 ,7 3 0 .0 5 D
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Figure 3 .3  M aximum likelihood tree  (A); log likelihood value =  -7 ,4 7 3 .9 5 . Branch 
leng ths in te rm s of expected  nucleotide substitu tions per s ite  are designated  above 
each  branch. B ranches also p resen t in the  stric t con sen su s parsim ony tree  (Fig. 
2 .9 ) are indicated by an asterisk ; th o se  branches th a t received > 50%  b oo tstrap  
suppo rt are indicated by a double asterisk . Polyphyletic orchid tribes are indicated 
by shaded  regions in the  side legend.
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Figure 3 .4  Maximum likelihood tree (D); log likelihood = -7 ,7 3 0 .0 5 .
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Figure 3 .5  Log likelihood values versus transversion  w eighting param eters graph for 
m axim um  likelihood searches. The jumble option is not in effec t for th e se  searches.
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slightly less likely resu lt (-7 ,4 7 4 .9 0 ). The 1 .0 4  : 1 ratio of transitions to  
transversions is co n sis ten t w ith  th e  conten tion  th a t  transitions outnum ber 
transversions in chioroplast genes by a fac to r of less th an  tw o  to  one 
(Palmer e t al., 1988).
To exam ine th e  effec t of th e  jum ble option on topology and log likelihood 
values, m axim um  likelihood searches  w ere m ade using transversion  w eighing 
param eters: 1 .0 , 1 .0 4 , 1.1 and 2 .0 . The jum ble seed  value of 137  w a s  used  in all 
analyses. It is no ted  th a t th ere  is nothing special abou t the  jum ble seed  value of 
137  a s  any value would have served th e  sam e purpose in th is  te s t .  The log 
likelihood values for tree s  d iscovered using th e se  param eters are listed in Table 3 .1 . 
All transversion  w eighing param eters (with th e  exception of param eter 2 .0 ) resulted 
in the  sam e  topology (here designated  as  topology "B") (Fig 3 .6 ). The transversion  
w eighing param eter of 2 .0  resu lted  in th e  topology designated  here as  "C" (Fig.
3 .7 ). A s in the  previous te s t  w ith  the  jum ble option no t in e ffec t, th e  tree  resulting 
from  th is  te s t  (jumble option s e t  a t 137) indicates th a t  the  transversion  param eter 
of 1.1 produced the  tree  w ith th e  h ighest log likelihood (-7 ,4 7 9 .6 7 ) (Table 3 .1 ).
The log likelihood values for tre e s  produced from  w eighing param eters 1 .0 4  and 1 .0  
are only slightly less likely th an  th a t for th e  1.1 param eter a t -7 ,4 8 1 .0 9  and - 
7 ,4 8 2 .5 7  respectively. Only a t  th e  w eighing of 2 .0  does th e  topology change w ith 
a  log likelihood value of -7 ,5 1 7 .8 0  (Fig. 3 .6 ).
As illustrated in Figure 3 .8 , th e  log likelihood values for tre e s  produced w ith 
or w ithou t the  jum ble option in e ffec t are similar w ith  resp ec t to  th e  transversion  
w eighing param eter specified. H ow ever, in all c a se s , th e  log likelihood values are
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higher w ith resp ec t to  transversion  weighing param eters w hen  th e  jum ble option is 
no t in effec t (Fig. 3 .8 ).
According to  Olsen e t al. (1994 ), w hen  sequence  addition is replicated w ith 
different jumble random  se e d s , th ey  have abou t th e  sam e probability of finding the  
bes t tree , but any given seed  m ight give a different tree . To te s t  th e  e ffec t of th e  
jum ble option seed  num ber on phylogeny and log likelihood values, an  additional 
te s t  w a s  undertaken. Specifically, 15 additional m axim um  likelihood se a rch es  w ere  
em ployed w ith th e  transversion  weighing param eter s e t a t 1 .1 . Five search es  w ere  
m ade w ith seed  num ber s ta tic  a t 1 3 7 , and single searches  m ade w ith  th e  seed s:
17, 3 7 , 4 7 , 5 7 , 6 7 , 8 7 , 9 7 , 1 0 1 , 1 1 7 ,1 2 7 . The resu lts  of th ese  se a rch es  su g g e s t 
th a t th e  jum ble seed  num ber h as  an e ffec t on topologies discovered (Table 3 .2 ).
For exam ple, th ese  te s ts  su g g e s t th a t using th e  sam e jum ble seed  (137) in five 
sep ara te  sea rch es  yielded the  sam e tree  (topology "B") w ith th e  sam e  log likelihood 
value (-7 ,4 7 9 .6 6 ) in each  case . Therefore, w hen  the  jum ble seed  option and 
transversion  w eighting param eter are used in repeated  sea rch es , th e  sam e  topology 
w ith th e  sam e log likelihood value are produced from each  search .
Jum ble seed  num bers: 57 , 101 , 117 , and 137  produced tre e s  of topology 
B; all w ith  a log likelihood value of -7 ,4 7 9 .6 6  (Table 3 .2 ). Jum ble seed  num bers:
17 , 3 7 , 6 7 , 9 7 , and 127  produced tre e s  of topology "A," all w ith  a log likelihood 
value of -7 ,4 7 3 .9 5 . Jum ble seed  num ber 4 7  produced a different tree  (topology 
"E") w ith  a log likelihood value of -7 ,4 8 7 .0 3  (Fig. 3 .9 ).
Of th e  26  m axim um  likelihood searches  m ade in th is s tu d y , topology "A"
(Fig. 3 .3 ) has the  h ighest log likelihood value and is, therefore , se lec ted  as  th e  tree  
m ost likely to  rep resen t the  true  phylogeny for th e  taxa  included in th is study .
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Table 3 .2  Log likelihood values and designated  tree  topologies resulting from 
m axim um  likelihood searches using the  jum ble se e d s  indicated. All te s ts  w ere 
perform ed using th e  transversion  w eighting param eter 1 .1 .
Jum ble Seed Log Likelihood Topology
D esignation
17 -7 ,4 7 3 .9 5 A
37 -7 ,4 7 3 .9 5 A
4 7 -7 ,4 8 7 .0 3 E
57 -7 ,4 7 9 .6 6 B
67 -7 ,4 7 3 .9 5 A
87 -7 ,4 7 3 .9 5 A
101 -7 ,4 7 9 .6 6 B
117 -7 ,4 7 9 .6 6 B
127 -7 ,4 7 9 .6 6 A
137 -7 ,4 7 9 .6 6 B
137 -7 ,4 7 9 .6 6 B
137 -7 ,4 7 9 .6 6 B
137 -7 ,4 7 9 .6 6 B
137 -7 ,4 7 9 .6 6 B
137 -7 ,4 7 9 .6 6 B
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Figure 3 .6  Maximum likelihood tree (B); log likelihood = -7 ,4 7 9 .6 6 .
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Figure 3 .7  Maximum likelihood tree (C); log likelihood = -7 ,5 1 7 .8 0 .
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Figure 3 .8  Log likelihood values versus transversion  w eighting param eter graph for 
m axim um  likelihood searches w ith the  jum ble option in e ffec t (seed = 137) and 
w ith the  jumble option not in effect.
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Figure 3 .9  Maximum likelihood tree (E); log likelihood =  -7 ,4 8 7 .0 3 .
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Evaluation of branch leng ths in m axim um  likelihood tre e s  is no t s tra igh t 
forw ard. O utput produced by fastDNAml (Olsen e t al., 1994) so ftw are  includes a 
tab le  show ing th e  length of each  tree  segm en t in units of expected  nucleotide 
su b stitu tio n s  per s ite . For each  branch segm en t, confidence limits on their length 
are  supplied. A ccording to  Felsenstein  (1993 ), th ese  confidence limits are very 
rough. B ecause there  is a sim plification in how  th e  confidence limits are  calcu lated , 
overconfidence in th e  ex istence  of the  branch is the  result (Olsen; pers. com m ., 
1 994 ). T herefore, supplied confidence limits w ere  no t used  to  evaluate branch 
leng ths in th is  s tudy .
In parsim ony and m axim um  analyses, branch length is considered an 
estim ated  m easu re  of clade stability. Branch length in parsim ony analyses 
rep resen ts  th e  num ber of synapom orphies, w hereas branch length in m axim um  
likelihood analyses rep resen ts  expected  nucleotide substitu tions per site ; th u s , th e  
tw o  m easu rem en ts  are no t synonym ous. Therefore, using branch leng ths to  
evaluate  clade stability in m axim um  likelihood analyses is problem atic. Specifically, 
in any given m axim um  likelihood topology, w h a t criterion should be used  to  
evaluate  resulting branch leng ths w ith resp ec t to  clade stability?
Branch leng ths in the  m axim um  likelihood tree  ranged from  .0 5 0  to  .0 0 0  
(Fig. 3 .3 ). To provide an es tim a te  of th e  branch length value th a t  m ay be 
considered to  rep resen t a "significant" level of clade support, all b ranches found in 
th e  s tric t c o n sen su s  parsim ony tree  (Fig. 2 .6) th a t also occurred in th e  m axim um  
likelihood tree  w ere  identified. T hose branches w ith boo tstrap  values <  50 %  are 
designated  by an asterisk , and th o se  branches w ith boo tstrap  values > 5 0 %  are 
designated  by a double aste risk  on th e  m axim um  likelihood tree  (Fig. 3 .3 ). B ecause
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th e se  branches are p resen t in both tre e s , their respective  branch lengths (in term s 
of expected  nucleotide substitu tions  per site) m ay  be considered to  rep resen t an 
es tim a te  of clade suppo rt th a t is m ore "significant" th an  th o se  b ranches not 
p resen t in both  trees . It is acknow ledged th a t th e  term  "significant" in th is  se n se  
h as  no sta tistica l basis; how ever, it does provide a crude es tim a te  of clade suppo rt 
in th e  m axim um  likelihood analysis. Using th is  criterion, m axim um  likelihood branch 
length  values th a t range a s  low as  .001 are considered to  provide th is  defined level 
of "significant" clade support.
The m axim um  likelihood tree  su g g e s ts  th a t  Sobralia (Sobraliinae, New World 
Epidendreae) is the  m ost basally diverged elem ent in subfam ily Epidendroideae and 
no t closely allied w ith  the  New World tribe Epidendreae core tax a  (Meiracyliinae, 
Laeliinae, Arpophyliinae and Pleurothallidinae) (Fig. 3 .3 ). Therefore, th e  New World 
tribe Epidendreae appears polyphyletic. This tree  also su g g e s ts  th a t  sub tribe 
Laeliinae, rep resen ted  by Brassavola, Encyclia, Cattleya, Epidendrum  (New World 
tribe Epidendreae), is m onophyletic and form s a clade w ith M eiracyliinae (New 
W orld tribe Epidendreae), and Chysis (Chysiinae, A rethuseae); therefo re , the  New 
W orld tribe Epidendreae is su g g ested  to  be paraphyletic. This tre e  also  su g g e s ts  
th a t subtribe Pleurothallidinae, represen ted  by Pleurothallis, Octomeria, Restrepia, 
Zootrophion  (New World tribe Epidendreae), is m onophyletic w ith  Arpophylliinae 
(New World tribe Epidendreae) a s  s is te r (Fig. 3 .3 ).
Based on th e  m axim um  likelihood tree , th e  tribe A re thuseae  is polyphyletic 
a s  Spathoglottis and Cafanthe (representing subtribe Bletiinae) form  a clade d istinct 
from Chysis (Chysiinae). This tree  su g g e s ts  th e  Spathoglottis-Calanthe clade
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occupies a relatively basal position in Epidendroideae, w h ereas  Chysis appears a s  
s is te r to  the  derived Arpophyliinae-PIeurothallidinae clade.
Aerangis  and Angraecum  (Vandeae), and Po/ystachya (Old World tribe 
Epidendreae) form a clade d istinct from th e  clade com posed  of Stanhopea and 
Maxillaria (Maxillarieae), Cymbidium  (Cym bideae), and Vanda (Vandeae). T herefore, 
th e  V andeae tribe appears polyphyletic and , the  vandoid charac te ris tics  (C hapter 1) 
exhibited by the  taxa  in th ese  tw o  sep ara te  clades m ay rep resen t parallel evolution. 
A s Bulbophyllum  and Dendrobium  (both m em bers of Dendrobieae) appear in the  
m axim um  likelihood tree  as no t closely allied, tribe D endrobieae is also  su g g ested  to  
be polyphyletic.
DISCUSSION
M aximum Likelihood Param eters. For th e  da ta  s e t  used  in th is  s tudy , a range 
of m axim um  likelihood transversion  w eighting param eters te s te d  had minimal effec t 
on topologies produced (Fig. 3 .8 ). Determining th e  ra te  of transitions to  
tran sversions from  parsim ony tree s  is show n  by th is s tudy  to  provide a close 
e s tim ate  of th e  m axim um  likelihood transversion  w eighing param eter th a t yields the  
tree  w ith  the  h ighest log likelihood. The m axim um  likelihood jum ble seed  value is 
show n  by th is s tudy  to  have a significant im pact on resulting tree  topologies and 
their respective  log likelihoods (Table 3 .2 ). This s tu d y  su g g e s ts  th a t several te s ts  
using different jum ble se ed s  are necessary  w hen  performing m axim um  likelihood 
analyses before th e  topology w ith  th e  h ighest log likelihood value is discovered.
S y stem atic  R elationships. Phylogeny inferred from  parsim ony m ethods and 
m axim um  likelihood m ethods is com pared by examining th e  congruence am ong 
tre e s  produced from each . In th is d iscussion , the  m axim um  likelihood tree  w ith the
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h ighest log likelihood value (Fig. 3 .3 ) is com pared to  th e  stric t co n sen su s  parsim ony 
tre e  w here unw eighted ndhF seq u en ces  w ere used  in th e  analysis (Fig. 2 .6 ) and to  
th e  single parsim ony tree  discovered w hen DNA seq u en ces  and morphological 
cha rac te rs  w ere com bined (Fig. 2 .9 ). Both th e  stric t co n sen su s  parsim ony tree  (Fig. 
2 .6 ) and the  m axim um  likelihood tree  (Fig. 3 .3 ) su g g e s t th a t  th e  subfam ily 
Epidendroideae is m onophyletic w ith  Listera (Neottieae) as sister.
W ithin th e  subfam ily Epidendroideae, neither th e  cymbidioid nor epidendroid 
phylads (sensu  Dressier, 1993) is su g g ested  to  be m onophyletic by either th e  
m axim um  likelihood tree  (Fig. 3 .3 ) nor th e  parsim ony tree  in w hich DNA seq u en ces  
and m orphological charac te rs  w ere  com bined (Fig. 2 .9 ). A lthough the  cymbidioid 
tax a  Stanhopea (Maxillarieae), Maxillaria (Maxillarieae), and Cymbidium  (Cymbideae) 
form  a clade in both parsim ony tre e s  (Figs. 2 .6 , 2 .9) and th e  m axim um  likelihood 
tree  (Fig. 3 .3 ), in none of th ese  tree s  does th e  o ther cymbidioid taxon , Tiputaria 
(Calypsoeae) appear closely allied w ith th is  clade. T herefore, the  cymbidioid phylad 
appears to  be polyphyletic.
Vanda (Vandeae) appears a s  s is te r to  th e  core tax a  of the  cymbidioid phylad 
in both  th e  m axim um  likelihood tree  (Fig. 3 .3 ) and th e  parsim ony tree  (Fig. 2 .9 ).
A lso in both tre e s , Aerangis (Vandeae), Angraecum  (Vandeae) and Polystachya (Old 
World tribe Epidendreae) form a  clade d istinct from th e  cymbidioid core tax a  -Vanda 
clade w hich su g g e s ts  the  tribe V andeae is polyphyletic.
Both th e  m axim um  likelihood tree  (Fig. 3 .3 ) and the  parsim ony tre e s  (Figs.
2 .6 , 2 .9) su g g e s t th a t th e  New World tribe Epidendreae is polyphyletic. In all tree s  
Sobratia (Sobraliinae) rep resen ts  the  m o st basal elem ent in Epidendroideae and, 
therefo re , no t closely allied w ith the  core taxa  of th e  New World tribe Epidendreae
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(Arpophyliinae, Laeliinae, Pleurothallidinae, and M eiracyliinae). The phylogenetic 
relationship of Coelia (Coeliinae, New World tribe Epidendreae) is am biguous. In th e  
parsim ony tree  (Fig. 2 .9 ), Coelia does no t appear closely related to  th e  core tax a  of 
th e  New World tribe Epidendreae; how ever, th e  m axim um  likelihood tree  (Fig. 3 .3 ) 
su g g e s ts  Coelia form s a clade w ith Tipularia (Calypsoeae) th a t is s is te r to  th e  New 
World tribe Epidendreae core taxa . In the  parsim ony tree  (Fig. 2 .9 ), Chysis 
(Chysiinae, A rethuseae) appears a s  s is te r to  th e  core tax a  of th e  New W orld tribe 
Epidendreae. In the  maximum  likelihood tree  (Fig. 3 .3 ) Chysis appears  a s  s is te r  to  
th e  Pleurothallidinae-Arpophyliinae clade. W hether Chysis rep resen ts  a basal taxon 
in the  New World tribe Epidendreae or s ister to  th e  tribe, both  tree s  su g g e s t th is 
taxon  is closely allied w ith the  New World tribe Epidendreae and not w ith the  
Spathoglottis-Ca/anthe (A rethuseae) clade.
In th e  parsim ony tree  (Fig. 2 .9 ), Coelogyne (Coelogyneae) form s a clade w ith 
Thunia (Coelogyneae). Therefore, th e  parsim ony tree  su g g e s ts  th a t a lthough Thunia 
and Coelogyne are closely allied, th e  tribe Coelogynae is polyphyletic. H ow ever, 
th e  m axim um  likelihood tree  indicates th a t Coelogyne and Thunia form a clade 
suggesting  th e  m onophyly of the  tribe Coelogyneae (Fig. 3 .3 ). In neither the  
parsim ony tree  (Fig. 2 .9) nor th e  m axim um  likelihood tre e  (Fig. 3 .3 ) are Dendrobium  
(Dendrobieae) and Bulbophyllum  (Dendrobieae) su g g ested  to  be closely allied w hich 
su g g e s ts  th a t  the  tribe Dendrobieae is polyphyletic.
All Epidendroideae c lades found in th e  stric t co n sen su s  parsim ony tree  
(Fig. 2 .6) are also found in th e  parsim ony tree  w here DNA seq u en ces  and 
m orphological charac te rs  w ere com bined (Fig. 2 .9 ) and the  m axim um  likelihood tree  
(Fig. 3 .3 ). B ranches leading to  th ese  clades are generally well supported  in te rm s of
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unam biguous synapom orphies and boo tstrap  values (parsim ony trees), and expected  
nucleotide substitu tions per s ite  (maximum likelihood tree). Therefore, 
Epidendroideae clades w ith strong  branch support recur in all analyses. The 
variability be tw een  th e  parsim ony tree  (Fig. 2 .9 ) and th e  m axim um  likelihood tree  
(Fig. 3 .3 ) is found w here branch support is w eak.
M orphological C haracter Evolution In Epidendroideae. In th is  section , 
anatom ical/m orphological charac te r s ta te s  defined in C hapter 2  are m apped onto  
th e  orchid tax a  from th e  m axim um  likelihood tree  w ith  the  g rea tes t log likelihood 
(Fig. 3 .3 ). Evolution of th ese  charac te rs  in te rm s of th is  m axim um  likelihood tree  
are d iscussed  below.
1. G row th Habit. As su g g ested  by th e  character tree  (Fig. 3 .1 0 ) , th e  
sym podial habit rep resen ts  th e  basal character s ta te  in O rchidaceae. A lthough the  
m onopodial Sobralia (Sobraliinae) appears a s  th e  m o st basal taxon  am ong th e  
Epidendroideae, th is character s ta te  apparently  rep resen ts  an au tapom orphy  and not 
a general evolutionary shift tow ard  m onopodialism . Only am ong th e  V andeae 
sub tribes (Aeridinae, A ngraecinae, Aerangidinae) does there  appear to  be a m ajor 
radiation of taxa  exhibiting the  m onopodial habit. W ith resp ec t to  g row th  habit, 
charac te r evolution as  su g g ested  by the  m axim um  likelihood tree  (Fig. 3 .1 0 )  is no t 
substan tia lly  d ifferent th an  th a t  depicted  in th e  parsim ony tree  (Fig. 2 .11 ).
2 . Leaf Folding. C haracter evolution w ith  respec t of leaf folding in subfam ily 
Epidendroideae, a s  depicted  in the  m axim um  likelihood tree  (Fig. 3 .1 1 ) , is similar to  
th a t  su g g ested  by th e  parsim ony tree  (Fig. 2 .1 2 ). T hat is, leaf type  generally 
appears correlated to  m icrohabitat w ith epiphytic tax a  typically exhibiting 
conduplicate leaves, and terrestrial taxa  exhibiting plicate leaves. H ow ever, the
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epiphytic tax a  Coelogyne (Coelogyneae), Stanhopea (Maxillarieae), and Chysis 
(A rethuseae) w ith plicate leaves are exceptions (Fig. 2 .1 2 ). W ith resp ec t to  leaf 
folding, th e  conduplicate leaf rep resen ts  th e  predom inant evolutionary th em e  in the  
Epidendroideae, bu t the  p resen t da ta  (Fig 2 .12 ) do es  no t indicate w hich condition is 
plesiom orphic in th e  family.
3 . Inflorescences. A s in the  parsim ony tree  (Fig. 2 .1 3 ), th e  term inal 
in florescence is su g g ested  by th e  m axim um  likelihood tree  (Fig. 3 .1 2 ) a s  th e  basal 
charac te r s ta te  in Epidendroideae. The m axim um  likelihood tree  (Fig. 3 .12 ) 
su g g e s ts  th a t a major evolutionary shift tow ard  a lateral infloresence ensued  early in 
th e  history  of Epidendroideae w hich is also su g g ested  in th e  parsim ony tree  (Fig. 
2 .1 3 ). Both tree s  su g g est th a t  a m ajor reversal tow ard  the  term inal infloresence 
am ong sub tribes of th e  New World tribe Epidendreae (Meiracyliinae,
Pleurothallidinae, Laeliinae, Arpophylliinae) subsequen tly  occurred in th e  subfam ily.
4 . Resupination. As dep icted  in th e  charac te r s ta te  tree  (Fig. 3 .1 3 ), 
resupination rep resen ts  a pervasive character in subfam ily Epidendroideae. 
N onresupination exhibited by th e  d isparate  Arpophy/lum  (Arpophylliinae),
Pleurothallis (Pleurothallidinae), Eria (Eriinae), and Polystachya (Polystachyinae) 
appears a s  independent parallel specializations. The evolution of resupination a s  
dep icted  in the  m axim um  likelihood tree  (Fig. 3 .13 ) is essentially  th e  sam e  a s  in th e  
parsim ony tree  (Fig. 2 .14 ).
5 . Pollen A ggregation. As indicated by th e  parsim ony tree  (Fig. 2 .1 5 )  and 
th e  m axim um  likelihood tree  (Fig. 3 .1 4 ) , granulate pollen, rep resen ts  th e  
plesiom orphic condition in subfam ily Epidendroideae a s  exhibited by Sobralia 
(Sobraliinae). T hese  tree s  su g g e s ts  th a t the  condition of firm pollinia rep re sen ts  the
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derived condition and is exhibited by the  m ajority of taxa  representing the  
subfam ily. R eversals occur in th e  Arpophylliinae and Coeliinae and Thunia 
(Thuniinae). The resu lts  of th is  s tu d y  support D ressler's  con ten tion  th a t  the  
Epidendroideae should n o t be delimited by the  h ardness of pollinia a s  th o se  taxa  
w ith  so ft pollinia (Sobralia, Thunia, Arpophyiium, and Coelia) are  clearly indicated 
to  be epidendroids (Fig. 2 .9).
6 . Num ber of Pollinia. The m axim um  likelihood tree  (Fig. 3 .1 5 ) , su g g e s ts  
th a t th e  eight pollinia condition rep resen ts  th e  basal s ta te  in subfam ily 
Epidendroideae. This agrees w ith  the  parsim ony tree  th a t also su g g e s ts  th e  eight 
pollinia condition is basal (Fig. 2 .16 ). The eight pollinia charac te r s ta te  undergoes 
no reversals in th e  subfam ily; four and tw o  pollinia s ta te s  appear a s  either shared  
derived charac te rs  or au tapom orphies in the  subfam ily (Fig. 3 .1 5 ).
7 . Caudicles. A s illustrated by the  m axim um  likelihood ch arac te r-s ta te  tree  
(Fig. 3 .1 6 ) , th e  fertile caudicle appears a s  th e  basal and m o st pervasive ty p e  of 
pollinium accesso ry  s tructu re  in Epidendroideae. The fertile caudicle charac te r s ta te  
rem ains unchanged  along the  axis of evolutionary d escen t from th e  m o st basal 
taxon , Sobralia (Sobraliinae) to  the  derived Arpophyliinae-Pleurothallidinae clade.
The ab sen ce  of caudicles in Dendrobium  (Dendrobiinae) probably rep resen ts  an 
au tapom orphy. T hat is, lack of caudicles in th e  Dendrobiinae w ith  hard pollinia is 
probably no t hom ologous w ith th o se  tax a  w ith granulate pollinia th a t  also lack 
fertile caudicles (e.g. Listera (Listeriinae) and Spiranthes (Spiranthoideae).
Unlike th e  parsim ony tre e  (Fig. 2 .1 7 ) th a t su g g e s ts  th e  sterile  caudicle 
a ssoc ia ted  w ith a stipe  appears in a single clade of vandoid tax a , the  m axim um  
likelihood tree  (Fig. 3 .16 ) su g g e s ts  th e  sterile caudicle h as  evolved independently  a t
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least tw ice  in Epidendroideae. Specifically, one clade com posed  of Vanda 
(Vandeae), and Stanhopea and Maxillaria (Maxillarieae) all exhibit sterile caudicles. 
Cymbidium  (Cyrtopodiinae) w ithou t a sterile caudicle also appears in th is  clade.
Lack of a sterile caudicle in Cymbidium  m ay rep resen t an au tapom orphic reversal a s  
m o st m em bers of the  Cyrtopodiinae produce a sterile caudicle. All m em bers of a 
second  clade com posed  of Polystachya (Old World tribe Epidendreae), and Aerangis 
and Angraecum  (Vandeae) exhibit tegular stipes.
8 . S tipes. Unlike th e  parsim ony tree  (Fig. 2 .18 ) th a t  su g g ests  th a t the  
tegular stipe  has arisen only once am ong th e  vandoid tax a , th e  m axim um  likelihood 
tree  su g g ests  th a t th e  tegular stipe  has arisen independently  a t least tw ice  in 
subfam ily Epidendroideae (Fig. 3 .1 7 ). Specifically, one clade com posed  of Vanda 
(Vandeae), and Stanhopea and Maxillaria (Maxillarieae) all exhibit the  tegular stipe . 
Cymbidium  (Cyrtopodiinae) w ithou t a tegular stipe  also  appears in th is  clade. Lack 
of a stipe  in Cymbidium  m ay rep resen t an autapom orphic reversal a s  m o st m em bers 
of the  Cyrtopodiinae produce a stipe. All m em bers of a second  clade com posed  of 
Polystachya (Old World tribe Epidendreae), and Aerangis and Angraecum  (Vandeae) 
exhibit tegular s tipes . Therefore, th is tree  su g g e s ts  th a t th e  p resence of a tegular 
s tipe  does not consisten tly  delimit vandoid or cymbidioid taxa  (Fig. 3 .1 7 ). The 
ham ular stipe  in Tipuiaria (Calypsoeae) appears a s  an  autapom orphy.
9 . Velam en. As indicated by th e  charac te r-s ta te  tree  (F ig .3 .18), velam en 
type  has undergone several m ajor evolutionary lines of d escen t in the  
Epidendroideae. The velam en ty p e  in the  m ost basal epidendroid taxon  Sobralia 
(Sobraliinae) is undefined, therefore , the  plesiom orphic velam en type is unresolved.
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Of th e  recognized ty p es , the  Coelogyne velam en type  a s  exhibited in Thunia and 
Coelogyne appears as the  plesiom orphic s ta te .
The Calanthe velam en type  appears as  a co n sis ten t charac te r am ong Eria 
and Ceratostylis (Eriinae), and Spathoglottis and Calanthe (Bletiinae). The Calanthe 
velam en type exhibited by Tipuiaria (Calyposeae) is su g g ested  by th is tree  to  be a 
parallelism. A s indicated by th e  ch arac te r-s ta te  tree  (Fig. 3 .1 8 ) , th e  Epidendrum  
velam en type appears a s  a co n sis ten t character in th e  New World Epidendreae 
sub tribes Meiracyliinae, Laeliinae, and Arpophyliinae. W ithin th e  New World tribe 
Epidendreae, th e  Pleurothallis velam en type  (exhibited by all m em bers of sub tribe 
Pleurothallidinae) rep resen ts  th e  derived s ta te  w ithin the  tribe.
The Vanda velam en type  is consisten tly  exhibited by th e  th ree  V andeae 
sub tribes Aeridinae, A erangidinae, and A ngraecinae. B ecause th e  m axim um  
likelihood tree  su g g e s ts  th e  polyphyly of th e  V andeae, th is velam en type ap p ears  to  
have arisen independently  a t least tw ice  in the  Epidendroideae. W ith th e  exception  
of Tipuiaria (Calypsoeae) having a Calanthe velam en type , th e  remaining 
rep resen ta tives of the  cymbidioid phylad: Cymbidium  (Cymbidieae), Stanhopea and 
Maxillaria (Maxillarieae) consisten tly  exhibit th e  Cymbidium  velam en type.
Therefore, velam en type  provides additional support th a t the  Cymbidioid Phylad 
rep resen ts  a polyphyletic taxon  based  on the  m axim um  likelihood m ethod.
10 . S eeds. Due to  the  num erous equivocal b ranches displayed in the  
m axim um  likelihood tree  (Fig. 3 .1 9 ) , an overall evolutionary trend  in th e  
Epidendroideae canno t be determ ined for seed  type. H ow ever, several m ajor tren d s 
in seed  evolution are evident. For exam ple, the  Dendrobium  seed  type  is 
consisten tly  exhibited by the  clade com posed  of Buibophyiium (Dendrobieae), and
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Coelogyne and Thunia (Coelogyneae). Based on the  character tree  (Fig. 3 .1 9 ) , th e  
Dendrobium  seed  type exhibited in Buibophyiium  (Dendrobieae) appears to  represent 
parallel evolution of th is seed  type. M em bers from  th e  Polystachya (Old World tribe 
Epidendroideae), and Angraecum and Aerangis (Vandeae) clade exhibit th e  Vanda 
seed  type. B ecause Vanda (Vandeae) does not appear in th is clade, th e  character 
tre e  (Fig. 3 .1 9 ) su g g e s ts  th a t th e  Vanda seed  type  has arisen a t least tw ice  in th e  
Epidendroideae.
A lthough the  Pleurothallis seed  type exhibited by th e  Pleurothallidinae and 
th e  Epidendrum  seed  type  exhibited by th e  Laeliinae are th e  predom inant seed  ty p es  
found in the  New World tribe Epidendreae, the  character s ta te  tree  (Fig. 3 .19 ) 
su g g e s ts  th a t  the  E/leanthus seed  type  rep resen ts  the  plesiom orphic seed  type  in 
th is  largest of all orchid tribes. Therefore, th e  E/leanthus seed  type  is su g g ested  by 
th e  parsim ony tree  (Fig 2 .20) and th e  m aximum  likelihood tree  (Fig. 3 .1 9 ) to  have 
been th e  precursor th a t led to  both  th e  Pleurothallis and Epidendrum  seed  types.
1 1 . Fusion of A nthers to  Style. A lthough th e  m axim um  likelihood tree  w ith 
th e  h ighest log likelihood su g g e s ts  th a t Cypripedium  (Cypripedioideae), 
characterized as  having sty les fused  w ith filam ents and stam inode bases , 
rep resen ts  th e  m ost basal taxon  in th is s tudy , (Fig. 3 .20 ), an alternative m axim um  
likelihood tree  (Fig. 3 .7 ) su g g e s ts  Neuwiedia (A postasioideae), characterized a s  
having sty le  w ith filam ents a t b ases  only, is basal. The latter tree  is congruen t w ith 
th e  stric t co n sen su s parsim ony tree  discovered using unw eighted ndh? seq u en ces  
(Fig. 2 .6 ) in th a t Neuwiedia is basal and Cypripedium  is derived w ith  respec t to  the  
nonepidendroid tax a  included in th is study . A lthough th is conflict ex is ts  be tw een  
th e se  tw o  m axim um  likelihood tre e s , neither topology su g g ests  th a t  fusion of sty le
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Figure 3 .1 0  Character-state tree for growth habit among orchid taxa included in
this study.
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Figure 3.11 Character-state tree for leaf type for orchid taxa included in this study
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Figure 3 .1 2  Character-state tree for inflorescence type among orchid taxa included
in this study
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Figure 3 .1 3  Character-state tree for resupination for orchid taxa included in this
study.
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Figure 3 .1 4  Character-state tree for pollen aggregation type among orchid taxa
included in this study.
146
SpadlOQlOtUt
& 4
Calanthe 
Vanda 
CymUdum 
Stanhopes
Polystachya 
Aerangis
Angraecum 
y *  *  *  *  *  *  Octomeria
f  *r^f L j " " " " " * ™  Zoo,roPhlon 
t  I  I*™* Re strep la
t  Pleurothallis
Arpophyllum
' I( ' B   Epidendrum
' „ J  § * » « - . E n c y d l a
* ;  I sn C a ttle y a
^ & *r ^  *  jr  & MolracylUuin
J  <r ■»■ -Coolla
' -------------------------------- , iftMMM9inr
H i
Tipuiaria 
Dendrottum
r  <r  Ceratoatylia
* ^  <*Eria
Buibophyiium 
Coelogyne 
Thunia
• Sobralia
Ustera
Neuwiedia
Habenaria
Spiranthes
i Cypripedium
N u m b e r o l P o llin ia ,
Eight r  *  +  <r Two
Four - i — None
Figure 3 .1 5  Character-state tree for number of pollinia among orchid taxa included
in this study.
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Figure 3 .1 6  Character-state tree for caudicle type among orchid taxa included in
this study.
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Figure 3 .1 7  Character-state tree for stipe type among orchid taxa included in this
study.
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Figure 3 .1 8  Character-state tree for velamen type among orchid taxa included in
this study.
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Figure 3 .1 9  Character-state tree for seed type among orchid taxa included in this
study.
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Figure 3 .2 0  Character-state tree for degree of fusion between style and filaments
among orchid taxa included in this study.
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and filam ents has followed a unilinear pa th  to w ard s increasing adnation  in 
O rchidaceae.
W ithin the  subfam ily Epidendroideae, evolution of th ese  se lec ted  
anatom ical/m orphological cha rac te rs  a s  m apped on th e  m axim um  likelihood tree  
(Fig. 3 .3 ) appears generally co n sis ten t w ith  th a t  depicted  on th e  parsim ony tre e s  
(Chapter 2). T hat is, evolutionary tren d s  w ith  respec t to  habit, leaf folding, 
in florescences, pollen aggregation , num ber of pollinia, velam en, and se e d s  
su g g ested  by either m ethod of phylogenetic inference are no t significantly different. 
H ow ever, th e  m axim um  likelihood tree  su g g e s ts  th a t  th e  ham ular s tip e  and sterile 
caudicle a ro se  independently  a t least tw ice  in th e  subfam ily, w hereas  th e  parsim ony 
tree s  su g g e s t a single origin for th e se  tw o  m orphological s tru c tu re s .
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CHAPTER 4
EVOLUTION IN THE NUMBER AND POSITION OF FERTILE ANTHERS IN 
ORCHIDACEAE INFERRED FROM ndhF CHLOROPLAST GENE SEQUENCES
1 5 4
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Traditionally, the  orchids have been separa ted  into tw o  major groups based 
on the  num ber and position of fertile an thers  (Burns-Balogh and Funk, 1986). In the  
first group are the  m onandrous orchids which produce a single fertile an ther per 
flower and encom pass  over 1 9 ,0 0 0  known species. The second  group is com posed  
of th o se  taxa  with tw o  or th ree  fertile an thers  per flower, and includes abou t 2 0 0  
species in the  Cypripedioideae and Apostasioideae. Historically, the  diandrous and 
triandrous orchids have been considered basal to  the  m onandrous orchids largely 
based on this character (Raven and Axelrod, 1974 ; Burns-Balogh and Funk, 1986). 
However, preliminary evidence from rbcL sequences  using parsimony techniques  
indicates the  cypripedioids are em bedded be tw een  tw o  single-anther clades 
suggesting parallel evolution of th a t  character or a reversal to  tw o  an thers  (Cameron 
e t al. 1994) .
Each flower in the  m onocotyledons has  six s tam en  positions, only three  of 
which bear s truc tu res  in orchids (two known exceptions exist and are d iscussed  
subsequently). As described by Garay (1960), orchid flow ers are organized on a 
trimerous pattern and are mere modifications of the  liliaceous type. The essential 
deviation from the liliaceous pattern  is illustrated in the  staminal whorls (Fig. 4 .1).
In the  liliaceous pattern, tw o  staminal whorls are fertile and fully developed. In the  
orchids, only the  three abaxial an thers  (parts of both whorls) generally can  be 
fertile. The anther position designated A, occupies the  outer staminal whorl 
adjacent to  the  medial sepal; the  an ther positions a , and a 2 occupy the  epipetalous 
or inner staminal whorl (Vermeuien, 1966). The adaxial an thers  are generally 
lacking but their vestiges have been reported from floral developmental s tudies 
(Kurzweil 1987a , 1987b , 198 8 ,  1992).
156
Abaxial
Adaxial
Figure 4 .1 .  Designated s tam en  positions of the  liliaceous-type flower. Diagram is 
oriented in the  resupinate position for comparison to  the  orchids.
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In Neuwiedia (Apostasioideae), all th ree  abaxial an thers  are fertile. In the  
Cypripediaceae anther positions a, and a 2 are fertile, w hereas  the  A, position is 
reduced to  a s tam inode (Garay, 1960 ; Vermeulen, 1966 ; de Vogel, 1969 ; A tw ood,
1984). In the  apostasio ids, the  anther filaments are present, w hereas  in the  
cypripedioids they  are fused with the style. These  differing floral morphological 
fea tures  have resulted in distinct pollination sy s te m s  (Burns-Balogh and Bernhardt,
1985). In the  apostasio ids, lily-like an thers  and powdery pollen result in a typical 
"buzz-pollination" flower which has evolved independently in m any m onoco t and 
dicot families. The fusion of filaments in the  androecium of the  cypripedioids, with 
tw o  fertile an thers  on either side of a wide stam inode, in conjunction with an 
inflated pouch-like labellum, form s a sophisticated  trap blossom (Burns-Balogh and 
Bernhardt, 1985).
Burns-Balogh and Bernhardt (1985) s ta ted  th a t  the  extrem e reduction in the  
number of fertile an thers  in m onandrous orchids has  permitted the  evolution of the  
modern pollinarium. The w ing-shaped s tam inodes have evolved to  control the  
m ovem ent of the  pollinator's body, proboscis, or bill so  th a t  the  pollinarium is 
properly positioned as it is removed from the  flower and th a t  it is subsequently  
deposited onto the  stigm a of a conspecific.
In this chapter, an hypothesis  is proposed concerning the  evolution of 
s tam en  number in the  Orchidaceae. This hypothesis  is inferred from a gene  tree  
derived from molecular sequence  characters  of the  chloroplast gene ndhF.
MATERIALS AND METHODS 
In this chapter, the  strict consensus  parsimony tree of m ost-parsim onious 
trees  discovered in the  analysis using unw eighted ndhF sequences  (Fig. 2 .6) and
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the  maximum likelihood tree  w ith  the  highest log likelihood value (Fig. 3 .3) are used 
to  d iscuss  character evolution of fertile anthers  in Orchidaceae. Materials and 
m ethods  used to  derive the  parsimony and maximum likelihood trees  are d iscussed  
in C hapters  2 and 3 respectively.
RESULTS
The num ber of fertile an thers  (one, tw o ,  three, six) is m apped onto  th e  strict 
co n sen su s  cladogram of trees  discovered from a parsimony search  using 
unw eighted  ndh? se q u en c e s  (Fig 4.2). These character s ta te s  are also mapped 
onto  the  maximum likelihood tree  with the  highest log likelihood tree  (Fig 4.3).
Both trees  are congruent with respect  to  the  basal position of Clivia 
(Amaryllidaceae) a s  the  m o s t  basal taxon am ong the  ingroup m em bers . However, 
there  is conflict be tw een  the  tw o  trees  with respect  to  the  m ost  basal orchid taxon. 
That is, th e  parsimony tree  (Fig. 4 .2) su g g es ts  tha t  Neuwiedia  (with three fertile 
anthers) is basal and the  maximum likelihood tree (Fig 4 .3 )  su g g e s ts  th a t  
Cypripedium  (with tw o  fertile anthers) is basal. Neither topology s u g g e s ts  th a t  
Neuwiedia and Cypripedium  are sisters.
DISCUSSION
Through floral developmental s tudies of the  diandrous Cypripediaceae, 
Kurzweil (1992) found the  staminal organs in the  adaxial half of the  flower are 
presum ed lost or strongly reduced. Based on its position and early initiation, a small 
bulge on the  ventral base of the  gynostem ium  is interpreted as  the  a 3 s tam en . 
S tam ens  A2 and A3 are presum ed lost.
In floral s tud ies  of the  m onandrous Epidendroideae and the  Vandoideae 
(sensu R a sm u sse n ,1985), Kurzweil (1987a) paid special attention to  the  early
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Figure 4 .2  Character-sta te  tree  for num ber of fertile an thers  adapted from the  strict 
c o n sen su s  tree  of 531 trees  discovered from 100  random addition parsimony 
searches  using unweighted ndh? sequences .
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Figure 4 .3  C haracter-s ta te  tree  for fertile an thers  adapted from the  maximum 
likelihood tree  with the  log likelihood value = -7 ,4 7 3 .9 5 .
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developm ent of the  gynostem iun and its appendages. He concluded th a t  the  lateral 
appendages  of the  m ature  gynostem ium  are hom ologous with the  tw o  lateral 
s ta m e n s  (a, and a 2). In fact, he observed staminal primordia in species th a t  lack 
prominent appendages in the  m ature  gynostem ium . Kurzweil reported th a t  a small 
num ber of taxa  exhibited ventral (adaxial) p rocesses  of different sizes on the 
gynostem ium . These  p rocesses  initiated during early developm ent, becam e 
indistinct and w ere  incorporated into the  gynostem ium  during later developm ent. 
Kurzweil suggested  tha t  these  appendages  are likely to  represent vestiges of the  
adaxial s tam ens.  He considered the  Epidendroideae and Vandoideae (sensu 
Rasm ussen , 1985) advanced orchid groups that  exhibit plesiomorphic floral 
developm ent features, in particular the  occurrence of prominent s tam inodes  in early 
development.
In the  m onandrous subfamily Orchidoideae (sensu R a sm u sse n ,1985), 
Kurzweil (1987b), found that  developm ent in the  Orchis and Habenaria g roups were 
remarkably uniform with respec t  to  the  form and position of the  early an ther and to  
the  presence of auricles and basal bulges. These s tudies  suggested  th a t  auricles 
(unique to  the  m onandrous orchids) originate from the  dorsal side of the  young 
fertile anther and are merely appendages  of it. Based on the  early initiation of these  
auricles and their position superposed  to  the  petals, Kurzweil suggested  th a t  they  
m ay represent vestiges of the  s ta m e n s  a, and a2. In late developm ent, the  basal 
bulges fuse  with the  auricles and with the  lateral margins of the  median stigm a 
lobe. Therefore, they  can hardly be distinguished in the  m ature  flower.
In subfamily Neottioideae (sensu R asm ussen , 1985), Kurzweil (1988), 
examined early m orphogenesis  of the  gynostem ium  in nine species of the  tribe
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Epipactieae and ten  species  from tribe Neottieae. Kurzweil found the  gynostem ium  
developm ent in tribe Epipactieae similar to  th a t  of Epidendroideae and Vandoideae.
In the  tribe Neottieae, he observed a progressive reduction and delayed initiation of 
the  stam inodes forming part of the  gynostem ium . In m ost  Neottieae examined, 
s tam inode  primordia are ob tuse  vestiges  in early development.
Kurzweil's floral developmental s tudies sugges t  th a t  the  adaxial s ta m e n s  in 
th e  Orchidaceae have either been lost or greatly reduced. However, th e  potential to  
produce staminodia and fertile an thers  a t  these  sites  has  apparently not been lost 
completely. As reported by Chen (1982), the  genus Tangtsinia p roduces  a single 
fertile median abaxial an ther (A,) and staminodia a t  all of the  five remaining 
positions (A2, A3, a , ,  a 2, a3). Chen also reported th a t  in the  genus Diplandorchis, 
both the  median abaxial anther (A,) and the median adaxial anther (a3) are fertile. 
Chen considered th ese  taxa  not derivative but surviving ancient types. He s ta ted  
th a t  the  flowers in th e s e  genera have several quite primitive s ta te s :  the  perianth 
m ostly regular, s tigm a terminal, pollinia naked, and rostellum usually absent. 
However, Robert Dressier (pers. com m . 1994) believes th a t  these  tw o  taxa m ay be 
derived because  they  are saprophytes. Phragmipedium lindenii has  an extra s tam en  
in the  inner whorl (a3) with an elongated filament th a t  causes  con tac t  of the  anther 
with the  stigm a with consequen t  au togam y (Atwood 1984).
In the  c a se  of Diplandorchis, th e  fertility of the  a3 an ther m ay represent a 
primitive s ta te  a s  argued by Chen (1982) or may represent a desuppression  of the  
a 3 an ther if this taxon  (and th is  character) are derived as suggested  by Dressier. In 
the  case  of Phragmapedium lindenii the  fertility of the  a3 anther (which prom otes 
autogam y) m ost likely represen ts  a derived s ta te .  According to  S tebbins (1974),
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species th a t  move along an evolutionary path from obligate outcrossing to  
predominantly self fertilization usually represent the  ends  of evolutionary lines. 
W hether these  examples of a 3 fertility represent plesiomorphic or derived 
characters ,  it is clear tha t  the  ability of the  orchids to  produce fertile adaxial 
an thers  has  not been lost totally.
With the  basal position of Clivia (Amaryllidaceae) (Fig. 4 .2 ) ,  th e  topology of 
the  parsimony tree  is cons is ten t  with the  hypothesis  th a t  the  orchids evolved from 
lily-like ances to rs  tha t  probably exhibited six an thers  in tw o  whorls.
Among the  orchid taxa selected  for inclusion in this s tudy , it is not 
surprising tha t  Neuwiedia  (Apostasioideae) occupies the  basal position on the  
parsimony tree  (Fig. 4 .2). It has  often been hypothesized to  represent the  m o st  
"primitive" of the  approximately 8 0 0  orchid genera (Garay, 1960 ; de Vogel, 1 969 ;  
Rasm ussen , 1985). Dressier (1993) s ta ted  tha t  the  apostasio ids are of special 
interest a s  a link be tw een  the  orchids and more ordinary lily-like plants, and th a t  
they appear to  be a sister to  the  remaining orchids either a s  a subfamily or a distinct 
family. Other characters  besides the  presence  of th ree  abaxial an thers  have been 
used to  justify Neuwiedia as  the  m ost basal taxon in the  orchids: 1) an thers  joined 
to  the  gynostem ium  by visible filaments, 2) pollen in m onads, 3) distinct s ty le  with 
an apical s tigm a, 4) three-cham bered ovary with axile placentation, and 5) 
unspecialized "buzz-pollination" flower type. In addition, unpublished resu lts  using 
rbcL chloroplast gene sequences  and parsimony m ethods  su gges t  th a t  the  subfamily 
Apostasioideae is basal in Orchidaceae (Mark Chase, pers. com m ., 1994).
The character s ta te  for the  branch leading from Clivia to  Neuwiedia is 
equivocal, a s  one, three, and six an thers  all provide an equally m ost parsimonious
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presentation for the  character s ta te  along this branch (Fig 4 .2). Although this 
branch m ay be considered to  represent the  evolutionary line of descen t  to  the  
ancestra l orchids or " protoorchids," the  character s ta te  or s ta te s  along this branch 
will probably never be known. Distinguished from their lilioid precursors, the  
ancestra l orchids probably exhibited som e suppression of adaxial an thers . It is 
possible th a t  th ese  ancestral taxa  a ssum ed  the  condition as  in Neuwiedia w ith  the  
th ree  adaxial an thers  ab sen t  or possibly with four fertile an the rs  (the A2 and th e  A3 
an the rs  absent) a s  suggested  by Chen (1982). Because the  ancestra l s ta te s  for 
an ther number and position in orchids are unknown, it remains unresolved w hether  
the  presence  of three abaxial an thers  in Neuwiedia  represen ts  the  plesiomorphic 
condition in ex tan t orchids or an  autapom orphy.
An interesting result of this s tudy  is the  position on th e  cladogram (Fig. 4 .2) 
of Cypripedium  (Cypripediaceae) be tw een  the tw o  m onandrous taxa: the  Habenaria 
(Orchidoideae) - Spiranthes (Spiranthoideae) clade and Listera (Neottieae). As has 
been previously d iscussed , the  cypripedioids w ere  often though t to  represent one of 
the  tw o  m ost  basal orchid groups largely due to  the  number of fertile anthers .
Aside from their nonm onandrous condition, they  share  a purportedly plesiomorphic 
character with the  Apostasioideae: pollen in m onads. Although exhibiting th ese  
tw o  characters ,  the  sophisticated  zygomorphic trap flower can hardly be considered 
plesiomorphic. In his d iscussion of w hether  the  cypripedioids should be considered 
primitive and relictual, A tw ood (1984) suggested  th a t  the  presence  of tw o  fertile 
s ta m e n s  merely indicates th a t  th e  cypripedioids diverged very early during the  
evolution of orchids. Although the  cypripedioids are often considered primitive. 
Dressier noted th a t  they  are specialized in a w ay  different from the  other orchids.
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Furthermore, he suggested  th a t  th e  cypripedioids are clearly more closely allied to  
the  m onandrous orchids than  are the  apostasio ids. This parsimony tree  (Fig. 4 .2 )  is 
cons is ten t  with the  preliminary rbcL sequencing results  of Cameron, e t  al. (1993) 
th a t  su gges t  the  cypripedioids are em bedded be tw een  tw o  m onandrous clades in 
their cladograms.
The m ost  parsimonious presentation for the  evolution of diandry in the  
cypripedioids is depicted in the  character tree  (Fig. 4 .2 ) .  This tree  s u g g e s ts  th a t  
diandry arose from the  m onandrous s ta te  and implies a m onandrous ancesto r  for 
the  cypripedioids. As suggested  by Kurzweil’s floral developm ent s tud ies, the  tw o  
median abaxial anther positions in a broad spectrum  of m onandrous orchids are 
represented  by staminodia. Because th ese  positions have not been lost through the  
course  of evolution, it is plausible tha t  a desuppression  from stam inode to  fertile 
an ther could have occurred in the  cypripedioids. The purported reversal of the  a 3 
an ther in Phragmipedium lindenii s u g g e s ts  th a t  fertile an thers  may appear from 
previously sterile positions. Judging by the  grea t su c c e s s  of the  m onandrous 
orchids in term s of species  num ber and cosm opolitan range, it follows th a t  selection 
pressure  is strongly skew ed  tow ard  m onandry at the  A, position. With this 
apparen t advantage, it appears  unlikely th a t  one m onandrous phyletic line would 
supp ress  this character s ta te  and revert to  diandry a t  the  a, and a 2 positions. 
Therefore, diandry in the  cypripedioids is considered an  autapom orphy (possibly 
occurring under relaxed selection pressure) and not reflective of a w holesale 
reversal along the  m onandrous line of descen t.  This s tudy  su g g es ts  th a t  the  
m onandrous orchids comprise a polyphyletic group, an interpretation consis ten t
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with the  findings of Cameron, e t  al. (1993) tha t  the  Cypripedioideae should not be 
distinguished from the  m onandrous orchids as  a separa te  family.
The maximum likelihood tree  (Fig. 4 .3 )  is cons is ten t  with the  parsimony tree  
(Fig. 4 .2 )  with respect to  the  basal position of Clivia (Amaryllidaceae) am ong  the  
ingroup m em bers. Unlike the  parsimony tree, Cypripedium  (Cypripedioideae) 
represen ts  the  m o st  basal orchid taxon and Neuwiedia  (Apostasioideae) is derived 
(Fig. 4 .3 ) .  The position of Neuwiedia  a s  sister to  Habenaria (Orchidoideae), in the  
maximum likelihood tree  is unexpected . Such a relationship has  not been suggested  
by any previous molecular- or anatomical/morphological-based studies. As 
sugges ted  by the  maximum likelihood tree topology, the  triandrous character s ta te  
in Neuwiedia represents  a reversal from the  m onandrous s ta te .  Based on the  
previous discussion, it is understandable  how  such  a reversal could have occurred. 
That is, an ther positions a, and a 2 would have undergone desupression. However, 
w hen  the  hos t  of other reversals th a t  would have had to  occur are considered, the  
derived relationship of Neuwiedia  in this maximum likelihood tree  is su spec t .  That 
is, specialized pollination associa ted  with m onandry becam e unspecialized in the  
form of a "buzz-pollination" flower, specialized an thers  becam e unspecialized, 
aggregated  pollen becam e free, pollen in te trads  becam e m onads, parietal 
placentation becam e axile, and alm ost complete adnation of style with a  single 
filament in the  form of a column reverted to  an a lm ost completely free style with 
three  filaments.
The basal position of Cypripedium  and the  derived position of Neuwiedia a s  
sugges ted  by the  maximum likelihood tree  (Fig. 4 .3) is further w eakened  by an 
alternative maximum likelihood tree  th a t  su g g es ts  Neuwiedia is basal and
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Cypripedium  is derived. That is, th e  maximum likelihood tree discovered w hen the
jumble seed  of 137 is used with the  default transversion weighting param eter of
2 .0  (Fig. 3.7) su g g es ts  a topology very similar to  th a t  of the  parsimony tree  (Fig.
4 .2). Therefore, the  relationships of Cypripedium and Neuwiedia are sh o w n  to
conflict by the  maximum likelihood m ethod of phylogenetic inference w hen  different
transversion weighting param eters  are used.
Notwithstanding the  basal position of Cypripedium  and the  derived position
of Neuwiedia in the  maximum likelihood tree  with the  highest log likelihood value
(Fig. 4 .3), the  preponderance of evidence appears  to  su gges t  th a t  this relationship
is unlikely. That is, w hen rbcL and ndhF chloroplast gene sequences  are separately
subjected  to  parsimony m ethods of inference, Neuwiedia (Apostasioideae) is
suggested  to  represent the  m ost  basal taxon in Orchidaceae and th a t  Cypripedium
(Cypripedoideae) is derived. Additionally, the  num ber of anatomical/morphological
character reversals required to  position Neuwiedia as  derived with respect  to  a
m onandrous taxon far exceeds  tha t  of Cypripedium. Therefore, the  topologies tha t
suggest  Neuwiedia (Apostasioideae) represen ts  the  m ost  basal taxon in Orchidaceae
appears to  be more credible than  th a t  which s u g g e s ts  Neuwiedia is derived.
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CHAPTER 5
A TERRESTRIAL ORIGIN FOR THE ORCHIDACEAE INFERRED FROM ndhF 
CHLOROPLAST GENE SEQUENCES
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M ost authorities have held th a t  the  terrestrial habit represen ts  the  basal 
condition in Orchidaceae and th a t  the  epiphytic condition is derived (Schimper, 
1888 ; Goebel, 1922 ; Mulay and Deshpande, 1960 ; Garay, 1960 ;  Garay, 1972 ; 
Ackerman, 1983 ; Benzing and A tw ood, 1984 ;  Benzing, 1987). Upon finding 
velam en in the  roots  of the  terrestrial Liliaceae and Amaryllidaceae, Goebel (1922) 
concluded th a t  velamen w a s  not acquired with the  epiphytic habit but w a s  already 
present. According to  Mulay and Deshpande (1961), the  occurrence of a simple 
velamen type  su g g e s ts  tha t  the  Liliaceae forms a basic s tock  for the  evolution of 
m onoco ts . S tructure  of the  velamen becom es more modified and complex along 
one line to w a rd s  Amaryllidaceae (a wholly terrestrial family) and along ano ther  line 
to w a rd s  the  Araceae and Orchidaceae w here velamen in epiphytic taxa  m ay  be 
highly specialized. They believed tha t  terrestrial forms of Orchidaceae and Araceae  
with velam en w ere  preadapted to  an epiphytic habit.
Garay (1960) proposed th a t  the  orchid prototype m ay be visualized as  a 
terrestrial m onocotyledon with an  inferior ovary, num erous m inute s e ed s  with a 
rudimentary embryo; s ta m e n s  and pistils not yet aggregated into a column, and 
flowers fertilized by insects. Garay (1972) s ta ted  tha t  the  family Orchidaceae 
originated in the  Malaysia area during the  Cretaceous period w hen m ost 
ang iosperm ous families becam e differentiated. He hypothesized th a t  all species  
w ere  geophy tes  and tha t  the  epiphytic m ode of life w a s  a m ore recent 
developm ent, dating from the  Pleistocene. The epiphytic m ode of life in orchids 
evolved, in his opinion, through a secondary  differentiation which began in the  
subtribe Neottioideae and subsequently  gave rise to  the  Epidendroideae. Benzing
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(1987) suggested  tha t  the  earliest orchids w ere  probably autotrophic  perennials 
native to mesic acidic subs tra ta .
The contention th a t  the  Orchidaceae had a terrestrial ances try  w as  
challenged by Robinson and Burns-Balogh (1982) on the  basis of small seed  size 
(microspermy), floral modifications leading to  specialized pollination m echan ism s, 
and root velamen. Their hypothesis  w a s  based on w ork they  performed in the  
primarily terrestrial subtribes Spiranthoideae, Neottioideae, and Orchidioideae. They 
noted tha t  certain specializations found in the  Spiranthoideae and shared with the 
predominantly epiphytic Epidendroideae are likely in plants having an epiphytic 
ancestry . To help resolve the  controversy as to  w hether  the  Orchidaceae had an 
epiphytic or terrestrial origin, a phylogeny of the  Orchidaceae is here inferred from 
gene trees  discovered using molecular sequence  characters  of the  chloroplast gene 
ndhF.
MATERIALS AND METHODS
In this chapter, the  strict c o nsensus  parsimony tree  of m ost-parsim onious 
trees  discovered in the  analysis using unw eighted  ndhF s equences  (Fig. 2 .6) and 
the  maximum likelihood tree  with the  highest log likelihood value (Fig. 3 .3) are used 
to  d iscuss  character evolution of epiphytism and terrestrialism in Orchidaceae. 
Materials and m ethods  used to  derive the  parsimony and maximum likelihood trees  
are d iscussed in Chapters 2 and 3 respectively.
RESULTS
Predominant g row th  su b s tra te  charac te rs  (epiphytic and terrestrial) for each 
genus are mapped onto the  strict co n sen su s  cladogram of t ree s  discovered from a 
parsimony search using unw eighted ndhF s equences  (Fig 5.1). These  character
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s ta te s  are also m apped onto the  maximum likelihood tree  with the  h ighest log 
likelihood tree  (Fig 5.2). Both t rees  sugges t  th a t  epiphytism is derived with respect  
to  terrestrialism among the  taxa  selected  for inclusion in this study .
DISCUSSION
The contention th a t  the  Orchidaceae had a terrestrial ancestry  w a s  
challenged by Robinson and Burns-Balogh (1982) on the  basis of m icrospermy, 
floral modifications leading to  specialized pollination m echanism s, and root velamen. 
They noted th a t  orchids produce small nonendosperm ous seed s  in quantities from 
1 ,3 0 0  to  4 ,0 0 0 ,0 0 0  per capsule, and concluded th a t  the  orchids sacrifice the  
advan tages  of supplying maternal nutrients in their propagules for the  benefit of 
producing a large quantity of seeds .  Robinson and Burns-Balogh (1982) believed 
th a t  because  the  terrestrial habitat is widely available, there  is little pressure  to  
produce num erous small seeds . By con tras t,  this specialization is advan tageous  in 
an epiphytic habitat w here seed s  are wind dispersed and unlikely to  land in a place 
suitable for germination.
Countering the  hypothesis  of Robinson and Burns-Balogh (1982), Benzing 
and Atwood (1984) contended  tha t  small seed  size in orchids w a s  attributable to  
specialized nutritional s tra teg ies  involving a mycorrhizal relationship with fungi. As 
carbon m ycotrophs, orchids exhibit "mycotrophic microspermy" th a t  is 
advan tageous  in dark environm ents (e.g. forest floors) w here it probably evolved. 
Additionally, fungal symbiosis appears diminished among epiphytes and probably 
has  never been a s  pronounced there  as  in the  terrestrials. Benzing and A tw ood  also 
challenged the  contention tha t  a terrestrial habitat is widely available by sta ting th a t  
such  hab ita ts  are often characterized by patch iness and disturbance. In th ese
 p
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habita ts , selection will favor high fecundity and dispersability because  populations 
m ust constan tly  recruit sca ttered  safe  sites.
The second  point in the  Robinson and Burns-Balogh (1982) hypothesis  is 
th a t  th e  high degree of floral specialization found in orchids is designed to  achieve 
pollination be tw een  isolated plants or small populations in an  epiphytic environment. 
The developm ent of pollinia s e em s  a byproduct of the  m any-seeded fruit th a t  
c o m pensa te s  for rare ac ts  of successfu l pollination (Robinson and Burns-Balogh, 
1982). They contended  th a t  such  floral specializations would be prohibitively 
unlikely in the  terrestrial environm ents of m ost Spiranthoideae w here  they  form 
comparatively dense  populations.
In response , Benzing and Atwood (1984) contended  th a t  so m e  terrestrial 
genera such  as  Ophrys, Calochilus, and Cryptostylis rival or exceed  m ost  epiphytic 
relatives in their floral specializations and reliance of wide-ranging pollination 
vectors . They noted tha t  low fruit production is com m on in both terrestrial and 
epiphytic orchids and thus  pollination m echanism s do not argue for either a 
terrestrial nor an epiphytic origin.
Robinson and Burns-Balogh (1982) suggested  th a t  early orchids developed 
resupinate flowers to  facilitate pollination by having the  labellum ac t  a s  a landing 
platform. In the  early epiphytic orchids, this w a s  more readily achieved by 
producing pendent inflorescences rather than  by twisting the  pedicel.
Ackerman (1983) argued th a t  a nodding inflorescence is compatible with 
either an  epiphytic or terrestrial habit and noted  tha t  so m e  primitive terrestrial 
orchids have nodding inflorescences. Ackerman contended  th a t  it w a s  not
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necessarily true  th a t  the  pollination of ancestral orchids required resupinate flowers; 
for example, flowers are nonresupinate  in the  apparently primitive genus Apostasia .
Robinson and Burns-Balogh (1982) noted th a t  so m e  Spiranthoideae species  
are facultatively epiphytic and m any others  in the  subtribe are capable of being 
g row n on su b s tra te s  th a t  closely approach the  conditions of epiphytism. They 
s ta te d  th a t  a major reason for this is the  presence  of roots  approaching the  type  of 
specialization exhibited in the  epiphytic Epidendroideae. Robinson and Burns-Balogh 
(1982) speculated  th a t  such  terrestrial orchids m ay be the  only nonepiphytic plants 
am ong the  m onocotyledons having a two-layered velamen.
Benzing and Atw ood (1984) agreed th a t  several m onocoty ledonous groups 
o ther than  orchids produced velam entous terrestrial species; how ever, they  
questioned Robinson and Burns-Balogh's speculation th a t  som e  Spiranthoideae m ay 
be the  only nonepiphytic m onocotyledons w ithout a two-layered velamen by noting 
th a t  Goebel (1922) had found multiserate velamen in som e species  of Liliaceae and 
Amaryllidaceae. They s ta ted  th a t  until there  is evidence to  the  contrary, it m u st  be 
a ssum ed  tha t  the  velamen of orchids and nonorchids differ in no w ay th a t  would 
differentiate the  tw o  groups by function. Benzing and A tw ood (1984) noted th a t  
m any terrestrial orchids have no velamen. They speculated  th a t  th ese  orchids m ay 
never have had such  root specializations and their purported root degeneracy  is the  
result of mycorrhizal association and not a shift in subs tra tum . According to  Arditti 
(1992),  morphological modifications leading to  the  formation of velamen m ade  
possible the  evolution of epiphytes. Because a simple velamen has  also been 
observed in the  Liliaceae, he found th a t  Robinson and Burns-Balogh's (1982) line of 
reasoning could lead to  the  suggestion  th a t  lilies also had an epiphytic origin.
In order to  establish a link be tw een  the terrestrial orchids and the  nonorchid 
m onoco ts ,  Benzing and Atw ood (1984) generalized th a t  the  four predominantly 
terrestrial subfamilies Apostasioideae, Cypripedioideae, Spiranthoideae, and 
Orchidoideae w ere  similar to  the  nonorchid m onocots  by the  following: 1) sympodial 
sh o o ts  equipped with m esomorphic leaves and C3-type pho tosynthesis ,  2) 
anom ocytic  s tom ata ,  3) flowers with a more generalized liliaceous morphology 
(especially in the  Apostasioideae), 4) less fusion of sexual appendages , and 5) larger 
and presumably less specialized seeds. The authors also noted th a t  the  few  
epiphytic m em bers  of th ese  typically terrestrial subfamilies barely qualify as  
epiphytes as  m ost  are restricted to  humus-filled crevices, bark fissures and lichen- 
covered limbs in w e t  forests. They contended th a t  this lack of specialization for 
epiphytic life relative to  the  more advanced s tress-to leran t epidendroids is 
cons is ten t  with Schim per’s (1888) hypothesis th a t  m ost  epiphytes a rose  from 
m esic terrestrial ances to rs  native to  moist shady forest understories and eventually 
moved into the  forest canopy. Among the  orchid subfamilies, the  A postasioideae 
has  no epiphyte species, the  Cypripedioideae has abou t 2 9 %  epiphytic species , the  
Orchidoideae and Spiranthoideae each have <  1 % epiphytic species, w hereas  
approximately 9 0 %  of the  Epidendroideae species are epiphytic (Atwood, 1986).
Based on the  taxa  selected in this study , the  m o st  parsimonious and 
maximum  likelihood explanations for the  evolution of epiphytism in the  Orchidaceae 
are depicted in the  character t rees  (Figs. 5 .1 ,  5.2). Both trees  su g g es t  th a t  the  
orchids m ay have arisen from terrestrial lily-like ances to rs  and maintained 
terrestrialism a s  a dominant evolutionary them e until sufficient specializations 
permitted large scale radiations into arborescent habita ts . Although a few  taxa  in
th e  Cypripedioideae, Spiranthoideae, and Orchidoideae are weakly epiphytic 
(Benzing and Atw ood, 1984)  m ost  are poorly adapted to  the  stressful xeric sites  of 
tropical forest canopies. By con tras t,  m any Epidendroideae are adap ted  to  these  
xeric conditions through the  following specializations: thickened conduplicate leaves 
th a t  are heavily coated  with w ax  and cutin (Dressier and Dodson, 1960); 
C rassulacean acid metabolism (CAM)-type photosynthesis  th a t  allows for efficient 
recycling of C 0 2 in hot dry microclimates (Taiz, 1991); multilayered velamen 
designed to  diminish transpiration ra tes  and allow for longer a c c e s s  to  moisture and 
dissolved minerals (Pridgeon, 1987). The specializations th a t  have allowed for 
large-scale radiations of epiphytic orchid taxa  have been sh o w n  to  be especially 
successful in the  primarily epiphytic Epidendroideae which contains m ore species 
than  all other orchid subfamilies combined. The results  of this s tudy  su g g es t  th a t  
terrestrialism represents  the  plesiomorphic condition and epiphytism (especially the  
type  found in the  xeric-tolerant Epidendroideae) represents  the  derived condition in 
Orchidaceae. Epiphytism in the  predominantly terrestrial subfamilies m ay be viewed 
a s  having evolved through several independent parallel evolutionary events . 
Therefore, it is unlikely th a t  the  anatomical/morphological characters  necessary  for 
epiphytism in the  family followed an unbroken line of increasing specialization th a t  
fostered the  large-scale radiation of epiphytic taxa  into xeric arborescent 
microhabitats.
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CHAPTER 6
A PHYLOGENETIC ANALYSIS OF SUBTRIBE PLEUROTHALLIDINAE
(ORCHIDACEAE)*
•Reprinted by permission from the  Botanical Journal of the  Linnean Society.
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Pleurothallidinae Lindl. (Orchidaceae) is a Neotropical subtribe included in 
tribe Epidendreae (Dressier 1993). Its m em bers range from Brazil and Peru 
northw ard  through Central America into Mexico and southern  Florida; the  g rea tes t  
diversity of species occur in cloud forest habita ts  (Pridgeon 1982a ,b ) .  An 
articulation associa ted  with an abscission zone be tw een  ovary and pedicel 
distinguishes the  subtribe (G aray ,1956; Luer, 1986a ;  Dressier, 1 993 ;  Neyland & 
Urbatsch, 1993). In all o ther orchids the  articulation occurs a t  the  base  of the  
pedicel (Dressier 1981).
Recent revisions by Luer (1986a , 1991) attributed 29  genera and as  m any as
4 ,0 0 0  species  to  the  subtribe. Luer acknowledged th a t  his t rea tm en t  w a s  artificial 
and th a t  he w a s  unable to  bring phylogenetic order to  the  group. An earlier s tudy  
by Pridgeon (1982a) used 4 5  anatomical/morphological charac te rs  to  undertake  a 
numerical analysis of the  subtribe and suggested  th a t  the  phenetic relationships 
identified in his s tudy  represented  seven  major phylogenetic lines.
An important character in Pridgeon's analysis is num ber of pollinia. He 
supported  the  hypothesis  by Dressier (1 981 , 1993) th a t  the  Pleurothallidinae s h o w s  
a reduction series in the  number of pollinia from eight to  six to  four to  tw o  with 
eight representing the  plesiomorphic condition. However, Luer (1986a) apparently 
believed th a t  the  direction m ay have proceeded in the  opposite  direction from tw o  
to  eight. Most genera and an overwhelming number of species  bear tw o  pollinia; 
therefore , the  relatively few  m em bers  with more than  tw o  pollinia are considered 
pivotal in this s tudy . For example, Octomeria bears eight pollinia, w hereas  
Restrepia, Restrepiella, Restrepiopsis, Barbosella, and Dresslere/la each bear four.
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According to  Garay (1956), Brachionidium  has  six; how ever, Luer (1986a) included 
the  eight-pollinium species of the  invalid genus, Yolanda, in Brachionidium.
According to  Luer (1986c) ,  29  subgenera  comprise the  very large genus 
Pleurothallis to  which over 2 ,0 0 0  ep ithe ts  have been attributed. In Pridgeon's 
(1982a)  numerical analysis, tw o  subgenera  and 10 species  com plexes w ere  
recognized. Dressier predicted (pers. com m . 1992), th a t  Pleurothallis eventually 
m ay be divided into a several distinct genera corresponding with their th ree  basic 
habits. Most species have the  Specklinia habit with short s te m s  and oblanceolate 
leaves th a t  taper basally. Som e have the  Acianthera  habit with long s te m s  and 
relatively wide leaf bases. The Pleurothallis cardiothallis group has  long s te m s ,  
cordate  leaves, and fascicled flowers.
The primary objective of this s tudy  is to  infer a hypothesis  of phylogenetic 
relationship within Pleurothallidinae by combining the  charac te r-s ta te  da ta  matrix 
construc ted  for taxa  studied in Pridgeon's (1982a) phenetic  analysis (here 
designated as  the  ingroup) with a da ta  matrix construc ted  for an appropriate 
outgroup and subjecting the  combined da ta  s e ts  to  cladistic analysis. The resulting 
cladogram s are used to: 1) d iscuss  the  cladistic relationships am ong the  genera and 
Pleurothallis species  com plexes of Pleurothallidinae; 2) evaluate  w hether  the  genus 
Pleurothallis represents  a monophyletic group or is polyphyletic and th u s  can be 
divided into several genera; 3) d iscuss  the  evolutionary trends  in pollinium number.
MATERIALS AND METHODS 
The ingroup m em bers  in this s tudy  are those  used a s  terminal taxa  in 
Pridgeon's (1982a) phenetic analysis. These  taxa  consis t  of 2 4  genera;
Pleurothallis cons is ts  of tw o  subgenera  further divided into 10 species  complexes.
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For a detailed list of ingroup material examined see  Pridgeon (1982a). Pridgeon's 
classification schem e is presented  in Table 6 .1 .
Three taxa  w ere  se lec ted  a s  outgroup m em bers based on their s ta tu s  as  
representing possible s is ters  to  subtribe Pleurothallidinae. These  include 
Arpophyl/um giganteum  (Arpophyllinae); Brassavola nodosa and Epidendrum ciliaris, 
(Laeliinae). Voucher specim ens are housed a t  Louisiana S ta te  University (LSU)
(Table 6.2). According to  Dressier (1960), Arpophyllum  appears  to  represent a 
survivor of the ancestral s tock  from  which the  Pleurothallidinae were derived. 
Pridgeon (1982a) s ta ted  th a t  it is plausible th a t  Octomeria (an ingroup member) and 
Arpophyllum  have a com m on ances to r  and represent divergent evolutionary lines 
from tha t  progenitor. According to  Dressier (pers. com m . 1992) and Pridgeon 
(pers. comm . 1992), subtribe Laeliinae may also be considered a likely outgroup to  
the  Pleurothallidinae. Furthermore, a close relationship with Laeliinae is also 
suggested  by the  cladistic analysis of Burns-Balogh and Funk (1986), tha t  
suggested  the tribe Epidendreae is sister to  the  "Pleurothallis Group." It is noted 
th a t  the  selection of the  outgroup m em bers  w a s  m ade prior to  the  DNA sequencing 
studies d iscussed  in the  previous chapters . However, the  parsimony tree  (Fig. 2.9) 
and the  maximum likelihood tree  (Fig. 3.3) both indicate th a t  the  selection of 
m em bers from the  Arpophyliinae and Laeliinae w ere  appropriate outgroup m em bers  
in this study.
Forty-five multi-state and binary characters  w ere  used  in this analysis 
(Appendix C). Characters and character s ta te s  assigned to  the  ingroup m em bers 
are those  used in Pridgeon's (1982a) numerical analysis. These  characters  w ere 
expected to  yield phylogenetically significant information for the  reasons detailed in
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Table 6 .1 . Classification schem e of Pleurothallidinae from Pridgeon (1982b)
Number of Pollinia Taxon
Octomeria
Pleurothallopsis
Brachionidium
Chamelophyton
Barbose/ia 
Dresslerella 
Restrep ia 
Restrepiella 
Restrepiopsis
2 Acostaea
Andreettaea
Condylago
Crocodeiianthe
Cryptophoranthus
Dracula
Dryadella
Lepanthes
Lepanthopsis
Masdevaiiia
Ph/oeophila
Physothallis
Platysteie
(table cont'd)
Pleurothallis subg. Pleurothallis 
P. alexandrae complex 
P. blaisdellii complex 
P. dura complex 
P. loranthophylla complex 
P. peduncularis complex 
P. ruscifolia complex 
P. scoparum complex 
P. tuerckheimii complex 
P. subg. Specklinia 
P. grobyi complex 
P. sclerophylla complex 
Porrog/ossum 
Sal p i stele 
Scaphosepa/um 
Ste/is 
Trisetella
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Table 6 .2 .  Outgroup m em bers  examined for characters  listed in Table 6 .3 .
Taxon Source Accession
Number
Arpophyllum giganteum  Hartw . University of Connecticut Neyland 9 0
Brassavola nodosa (L.) Lindl. Louisiana S ta te  University Neyland 72
Epidendrum ciliare L. Louisiana S ta te  University Neyland 81
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Pridgeon 's  (1982b) diagnosis. Character s ta te s  w ere  determined for the  outgroup 
m em bers  using light m icroscopy, scanning electron m icroscopy (SEM), direct 
observation, and literature sources . Character s ta te s  for all are summarized in Table 
6 .3 .  Cladistic analyses w ere  performed using PAUP (version 3 .0 s ,  Sw offord  1991). 
Multi-state characters  w ere  unordered using Fitch criterion (Fitch 1971). M ost 
parsimonious trees  w ere  sough t from a heuristic s tepw ise  addition search 
employing 100  replications. MacCiade (version 3 .0 ,  Maddison and Maddison 1992) 
w a s  used to  explore hypothesized phylogenetic trees  further and to  visualize 
character evolution.
RESULTS
Using the  three designated  taxa  as  outgroup, eight m o st  parsimonious 
cladogram s w ere  discovered. The data matrix included 36  phylogenetically 
informative characters. All c ladogram s have 2 3 0  s te p s  and a consis tency  index (Cl) 
of 0 .2 7 .  A strict c o nsensus  tree  is presented in Figure 6 .1 .  In six of the  parsimony 
trees , the  Pleurothallis blaisdellii, P. sclerophylla, P. tuerckheimii, and P. 
loranthophylla complexes form a clade th a t  is distinct from the  clade com posed  of 
Cryptophoranthus, the  Pleurothallis dura and P. ruscifolia com plexes, Lepanthopsis, 
and Restrepia. In the  remaining tw o  trees , the  tw o  clades are combined into a 
single clade. Figure 6 .2  sh o w s  one most-parsim onious tree  representing the  
topology w here the  tw o  clades are distinct (reflecting six of the  eight topologies 
discovered).
DISCUSSION
The consis tency  index of 0 .2 7  represen ts  a high level of hom oplasy and 
may be a function of the  rapid ra tes  of evolution believed to  have occurred in
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Table 6 .3 .  Character s ta te s  for Pleurothallidinae and outgroup m em bers . Characters 
and character  s ta te s  are identified in the  Appendix C . Missing d a ta  are indicated by 
question marks.
Taxa 1 2 3 4 5 6 7 8 9
Ingroup
Acostaea 2 0 0 0 0 2 2 0 1
Barbose/la 2 0 0 0 0 0 1 0 0
Brachionidium 1 0 0 0 0 2 2 1 0
Condy/ago 2 0 0 0 0 2 0 1 1
Cryp toph or an th us 2 0 0 0 1 1 2 1 1
Dracu/a 2 0 0 0 0 2 2 1 1
Dresslerella 2 1 0 0 0 2 2 0 0
Dryadella 2 0 0 0 0 1 2 1 1
Lepanthes 2 0 0 0 0 2 2 0 1
Lepanthopsis 2 0 0 0 1 2 0 1 1
Masdeval/ia 2 0 0 0 1 2 2 0 1
Physosiphon 2 0 0 0 1 2 2 0 1
Physothallis 2 0 0 0 0 1 1 0 1
P/atyste/e 2 0 0 0 0 2 2 1 1
Pleurothallis ruscifolia complex 2 0 0 0 0 1 1 1 1
Pleurothallis alexandrae complex 0 0 1 0 0 0 1 0
Pleurothallis blaisdel/ii complex 2 0 0 0 1 1 0 0 1
Pleurothallis dura complex 2 0 0 0 1 1 2 1 1
Pleurothallis grobyi complex 2 0 0 0 0 1 0 1 1
Pleurothallis loranthophy/la complex 2 0 0 0 1 1 1 1 1
Pleurothallis peduncularis complex 0 0 0 1 1 1 1 1
Pleurothallis sclerophylla complex 2 0 0 0 0 2 0 1 1
Pleurothallis scoparium  complex 2 0 0 0 0 1 2 1 1
(table cont'd)
189
Pleurothallis subgen . Speck/inia 2 0 0 0 0 2 1 1 1
Pleurothallis tuerckheimii complex 2 0 0 0 0 2 1 1 1
Porroglossum 2 0 0 0 0 1 2 0 1
Restrepia 2 0 0 0 0 1 1 0 1
Restrepiella 0 0 0 0 1 0 1 1 0
Restrepiopsis 1 0 0 0 0 1 2 1 0
Salpiste/e 2 0 0 0 1 2 2 1 1
Scaphosepalum 2 0 0 0 0 2 2 1 1
Ste/is 2 0 0 0 1 2 2 1 1
Trisetella 2 0 0 0 1 2 2 1 1
Octomeria 0 0 0 0 0 0 0 0 0
Outgroup
Arpophyllum giganteum 0 0 0 0 0 0 1 0 0
Brassavola nodosa 0 0 0 0 1 1 2 0 1
Epidendrum ciliaris 0 0 0 0 1 1 0 1 1
(table cont'd)
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Taxa 1 1 
0  1
1
2
1
3
1
4
1
5
1
6
1
7
1
8
Ingroup
Acostaea 1 0 1 0 0 1 1 1 3
Barbosella 1 0 1 0 0 2 1 0 1
Brachionidium 1 1 3 0 0 0 0 0 3
Condylago 1 0 1 0 0 1 1 1 3
Cryp toph or an thus 1 0 0 0 0 3 1 1 0
Dracula 1 0 1 0 0 0 0 3
Dresslere/Ja 0 2 3 0 0 3 1 0 0
Dryade/la 1 0 3 0 0 2 1 2 1
Lepanthes 1 0 0 0 0 2 1 0 0
Lepanthopsis 1 0 1 0 0 2 1 1 0
Masdevallia 1 1 2 0 0 3 1 2 1
Physosiphon 1 1 2 0 0 2 1 1 2
Physothal/is 1 2 0 0 0 2 1 1 3
Platystele 1 0 1 0 1 2 1 1 3
Pleurothallis ruscifolia complex 1 0 1 0 0 2 1 1 0
Pleurothallis aiexandrae complex 0  2 3 0 0 2 1 0 0
Pleurothallis blaisdellii complex 1 1 1 0 0 1 1 1 0
Pleurothallis dura complex 1 1 0 0 0 2 1 1 0
Pleurothallis grobyi complex 1 0 0 0 0 2 1 2 2
Pleurothallis loranthophylla complex 1 1 0 0 0 3 1 1 1
Pleurothallis peduncularis complex 1 1 2 1 0 2 1 0 0
Pleurothallis sclerophylla complex 1 1 1 0 0 2 1 1 1
Pleurothallis scoparium complex 1 1 1 0 0 3 1 2 2
Pleurothallis subgen. Specklinia 1 0 0 0 0 2 1 0 1
Pleurothallis tuerckheimii complex 1 1 2 0 0 2 1 1 0 
(table con t '
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Porrog/ossum 1 1 2 0 0 3 1 2 0
Restrepia 1 0 1 0 0 1 1 1 0
Restrepiella 1 0 0 0 0 2 1 0 0
Restrepiopsis 1 0 0 0 0 2 1 1 0
Sal p i stele 1 0 1 0 0 1 1 1 3
Scaphosepa/um 1 0 1 0 0 3 1 2 1
Ste/is 1 0 2 0 0 2 1 1 0
Trisetella 1 1 2 0 0 1 1 2 2
Octomeria 1 1 2 0 0 2 1 0 2
O utgroup
Arpophyllum giganteum 0 1 3 0 0 0 0 0 0
Brassavola nodosa 0  2 3 0 0 1 1 0 0
Epidendrum ciliaris 0 1 3 0 0 0 0 0 0
(table cont'd )
Taxa 1
9
2 2 
0 1
2
2
2
3
2
4
2 2 
5 6
2
7
Ingroup
Acostaea 0 1 0 1 0 0 1 1
Barbosella 0 1 1 0 1 0 1 0
Brachionidium 0 1 0 2 1 0 ? ?
Condylago 0 1 0 2 1 0 1 1
Cryp tophoran th us 2 1 0 2 0 0 1 0
Dracula 0 1 1 2 1 0 1 1
Dresslere/la 0 1 0 2 1 0 1 0
Dryadella 1 1 1 2 0 0 1 1
Lepanthes 0 1 0 2 1 0 1 1
Lepanthopsis 2 1 0 2 1 0 ? ?
Masdevallia 2 1 1 2 1 0 1 1
Physosiphon 1 1 0 2 1 0 1 1
Physotha/lis 0 1 0 2 0 0 0 1
P/atyste/e 1 1 0 0 0 0 1 1
Pleurothallis ruscifolia complex 2 1 0 2 1 0 1 0
Pleurothallis alexandrae complex 0 0 0 2 1 0 0 0
Pleurothallis blaisdellii complex 1 1 0 2 1 0 0 0
Pleurothallis dura complex 2 1 0 2 0 0 ? ?
Pleurothallis grobyi complex 0 1 0 2 0 0 1 1
Pleurothallis loranthophyl/a complex 2 1 0 2 1 0 0 1
Pleurothallis peduncularis complex 0 0 0 2 1 0 1 0 0
Pleurothallis sclerophylla complex 1 1 0 2 1 0 0  1 0
Pleurothallis scoparium  com plex 1 1 0 2 1 1 1 1 1
Pleurothallis subgen . Speck/inia 0 1 0 2 0 0 1 1 1
(table cont'd)
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Pleurothallis tuerckheimii complex
Porrog/ossum
Restrepia
Restrepiel/a
Restrepiopsis
Sa/piste/e
Scaphosepa/um
Stelis
Trisetella
Octomeria
Outgroup
Arpophy/lum  giganteum  
Brassavo/a nodosa 
Epidendrum ciliaris
1 0 1 1 0 1 1 0
1 1 2 0 0 1 1 1
1 0 2 1 0 1 0 1
1 1 2 1 0 0 1
1 0 1 1 0 ? ? ?
1 0 1 0 0 ? ? ?
1 0 2 1 0 1 1 1
1 1 2 0 0 1 1 1
1 1 2 1 0 1 1 1
0 0 2 0 0 0 0 0
0 0 2 1 0 0 0 0
0 0 2 0 0 0 1 0
0 1 2 1 0 0 0 0
1
1
2
2
2
0
1
2
1
0
0
0
2
(table cont'd )
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Taxa 2
8
2 3 
9  0
3
1
3 3 
2  3
3
4
3 3 
5 6
Ingroup
Acostaea 1 1 1 0 1 0 2 1 0
Barbosel/a 1 1 0 0 1 0 2 1 2
Brachionidium ? 7 7 7 7 7 7 ? 1
Condy/ago 0 1 ? 7 7 7 7 ? 0
Cryp tophoran th us 0 1 2 0 1 0 1 1 0
Dracula 1 1 0 0 1 0 0 1 0
Dresslerella 0 0  1 3 1 1 2 1 0
Dryade/la 1 1 2 2 1 0 2 1 0
Lepanthes 1 1 ? 7 ? ? ? ? 1
Lepanthopsis 7 7 7 7 ? ? 7 ? 0
Masdevallia 1 1 3 0 1 0 1 1 0
Physosiphon 0 1 2 0 1 0 2 1 0
Physothallis 0 1 ? 7 7 7 7 ? 0
PIaty stele 1 1 2 0 1 0 2 1 0
Pleurothallis ruscifolia complex . 0 1 0 3 0 1 1 1 1
Pleurothallis a/exandrae complex 0 1 0 1 1 0 0 0 0
PI euro thallis blaisde/lii complex 0 1 ? 7 7 7 ? ? 0
Pleurothallis dura complex 7 7 7 7 7 7 ? ? 0
Pleurothallis grobyi complex 1 1 ? 7 7 7 ? ? 0
Pleurothallis loranthophylla complex 0 1 ? 7 7 7 7 ? 0
Pleurothallis peduncularis com plex 0 1 3 0 1 0 0 0  0
Pleurothallis sclerophylla complex 0 1 ? 7 ? ? 7 ? 0
Pleurothallis scoparium  com plex 0 1 ? 7 ? ? 7 ? 0
(table cont'd)
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Pleurothallis subgen. Specklinia 1 1 0 0 0 2 0 1
Pleurothallis tuerckheimii complex 0 1 0 1 0 2 1 0
Porrog/ossum 1 1 3 3 0 1 1 1
Restrepia 0 1 3 0 1 1 1 0
Restrepiella 0 1 0 2 0 0 1 0
Restrepiopsis ? ? ? ? ? ? ? 0
Sa/piste/e ? ? ? ? ? ? ? 0
Scaphosepa/um 1 1 3 3 1 2 1 2
Ste/is 0 1 0 2 0 2 1 1
Trisetella 1 1 2 0 0 2 1 0
Octomeria 0 1 1 0 0 0 0 0
Outgroup
Arpophyl/um giganteum 0 0 0 0 0 0 0 2
Brassavola nodosa 0 1 0 0 0 0 0 0
Epidendrum cifiaris 1 1 0 0 0 2 0 0
(table c o n t ’d)
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Taxa 3
7
3
8
3
9
4
0
4
1
4
2
4
3
4
4
4
5
Ingroup
Acostaea 2 0 2 1 0 2 0 3 0
Barbosel/a 2 0 2 0 0 2 0 2 0
Brachionidium 0 0 2 0 0 0 0 1 1
Condy/ago 2 0 2 1 0 2 0 3 0
Cryp toph or an th us 2 1 2 0 0 2 0 3 0
Dracula 2 0 1 0 1 2 0 3 0
Dresslerella 2 0 2 0 0 2 0 2 0
Dryadel/a 2 0 2 0 0 2 0 3 0
Lepanthes 2 0 0 0 0 0 2 3 0
Lepanthopsis 2 0 1 0 0 0 0 3 1
Masdevallia 2 0 2 0 0 2 0 3 0
Physosiphon 2 0 2 0 0 2 0 3 0
Physotha/lis 2 0 2 0 0 2 0 3 0
Platystele 2 0 1 0 0 1 0 3 1
Pleurothallis ruscifo/ia complex 1 0 1 0 0 1 0 3 0
Pleurothallis a/exandrae complex 2 0 2 0 0 2 0 3 0
Pleurothallis blaisde/lii complex 2 0 2 0 0 2 0 3 0
Pleurothallis dura complex 2 0 2 0 0 2 0 3 0
Pleurothallis grobyi complex 2 0 2 0 0 2 0 3 0
Pleurothallis loranthophylla complex 0 0 2 0 0 2 0 3 0
Pleurothallis peduncularis complex 2 0 2 0 0 2 0 3 0
Pleurothallis sclerophylla complex 2 0 2 0 0 2 0 3 0
Pleurothallis scoparium  complex 2 0 2 0 0 2 0 3 0
Pleurothallis subgen.  Specklinia 2 0 2 0 0 2 1 3 0
(table cont'd)
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Pleurothallis tuerckheimii com plex 2 0 2 0 0 2 0 3 0
Porroglossum 2 0 2 1 0 2 1 3 0
Restrepia 2 0 0 0 0 0 0 2 0
Restrepiella 2 0 2 0 0 2 0 2 0
Restrepiopsis 2 0 2 0 0 2 0 2 0
Sa/pistele 2 0 0 0 0 0 3 3 0
Scaphosepalum 2 0 2 0 0 2 0 3 0
Ste/is 2 0 2 0 0 1 1 3 1
Trisetella 2 0 2 0 0 2 0 3 0
Octomeria 0 0 1 0 0 1 0 0 0
Outgroup
Arpophyllum giganteum 0 0 0 0 0 2 0 0 0
Brassavola nodosa 2 0 0 0 0 0 0 0 0
Epidendrum ciliaris 2 0 0 0 0 0 0 2 0
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Acostaea
Sal pi s t e l e
B r a c h i o n i d i u m
D racu la
Condglago
Dryade l l a
Masdeva l l i a
P o r r o g l o s s u m
P h y s o s i p h o n
T r i s e t e l l a
P. s c o p a r i u m
S c a p h o s e p a lu m
P la tg3 te l e
Lepanthe3
P . s u b g e n .S p e c k l in i a
Ste l i3
P. g r o b g i
P h g s o t h a l l i 3
C r y p t o p h o r a n t h u s
P. d u r a
Lepan thops i s
P. r u s c i f o l i a
R e s t r e p i a
P. b l a i sde l i i
P. s c l e r o p h y l l a
P. t u e r c k h e i m i i
P. l o r a n t h o p h y l l a
R e a t r e p io p s i s
Rest  r e  pi el la
B a rb o s e l l a
D r e s s l e r e l l a
P . a l e x a n d r a e
P. p e d u n c u l a r i s
O c tom er i a
A r p o p h y l l u m
B r a s sa v o l a
E p ide nd rum
Figure 6.1 Strict consensus tree of eight trees from a parsimony search for the
taxa included in this study.
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Aco3taea
Sal p i 3 t e l e
B r a c h i o n i d i u m
D r a c u l a
Condylago
D r yade l l a
Ma sdeva l l i a
P o r r o g l o s s u m
T r i s e t e l l a
P h y s o s i p h o n
P. s c o p a r i u m
S ca p h o 3 e p a lu m
P l a t y s t e l e
Lepan thes
P . s u b g e n .S p e c k l in i a
S t e l i s
P.  g r o b y i
P h y s o t h a l l i s
P.  b l a i sde l i i
P.  s c l e r o p h y l l a
P. t u e r c k h e i m i i
P.  l o r a n t h o p h y l l a
C r y p t o p h o r a n t h u s
P . d u r a
L e pan thop s i s
P. r u s c i f o l i a
R e s t r e p i a
R e 3 t r e p io p 3 i s
R e s t r e p i e l l a
B a rb o a e l l a
D r e s s l e r e l l a
P. a l e x a n d r a e
P. p e d u n c u l a r i s
O c t o m e r i a
A r p o p h y l l u m
Bra s 3 a v o l a
E p i d e n d r u m
Figure 6 .2  One of the  eight m ost  parsimoniuos trees  discovered from a parsimony 
search for the  taxa  included in this study. The value above each branch represents  
the  number of unam biguous synapom orphies.
2 0 0
Orchidaceae (Dressier, 1993). However, the  use  of characters  with continuous 
s ta te s  (characters: 6 ,7 ,1 1 ,1 2 ,1 5 )  and polymorphic s ta te s  (characters: 
1 5 ,1 7 ,1 8 ,1 9 ,3 0 ,3 6 ,3 9 )  used in this s tudy  m ay also have contributed to  this level of 
hom oplasy (Appendix C). Branch lengths representing unambiguous 
synapom orphies are generally considered a m easure  of clade stability. As indicated 
by one of the  m ost parsimonioius cladograms, nodal support a s  defined by the  
num ber of synapom orphies is often  w eak  (Fig. 6.2). This level of support is due in 
part to  the  low ratio of terminal taxa (34) to  charac te rs  (45). Despite the  high level 
of homoplasy and generally w eak  branch support, the  data  s e t  used in this s tudy  
brings a substantial level of resolution to  the  ingroup and provides a cladistic 
fram ew ork for a phylogenetic discussion of Pleurothallidinae.
Octomeria and the Pleurothallis peduncularis complex form the m ost  basal 
clade in this s tudy  (Fig. 6 .2). The position of Octomeria is cons is ten t  with the  
hypothesis  th a t  this taxon represen ts  the  m o st  basal e lem ent in Pleurothallidinae.
The apparently close relationship be tw een  Octomeria and the  P. peduncularis 
complex w a s  suggested  by Pridgeon (1982a). The P. alexandrae complex appears 
a s  sister to  the  Octomeria-P. peduncularis clade. Pridgeon (1982a) sugges ted  a 
close relationship among th ese  taxa  and distinguished the  P. alexandrea complex 
from the  P. peduncularis complex by floral specializations th a t  led to  fly pollination.
Ascending the  cladogram, a grade of genera exhibiting four pollinia 
(Dresslerella, Barbosella, Restrepiella, Restrepiopsis) are next encountered (Fig. 6.2). 
A close association among all Pleurothallidinae exhibiting four pollinia w as  
suggested  by Pridgeon (1982a). However, Restrepia (also exhibiting four pollinia)
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appears  in a separa te  clade and th u s  appears no t closely related to  taxa  in this 
grade (Fig. 6.2).
The Cryptophoranthus, Lepanthopsis, Pleurothallis dura complex,
Pleurothallis ruscifolia complex, and Restrepia clade is distinguished in this s tudy  by 
s tem  cuticles <5/vm (character 25), and a variable num ber of root protoxylem poles 
(character 34). The position of Lepanthopsis in this clade s u g g e s ts  tha t  this taxon 
is no t closely allied with Lepanthes as  w a s  suggested  by Pridgeon (1982a) ,  w ho  
distinguished Lepanthes from Lepanthopsis primarily by the  loss of spirally 
thickened idioblasts. The tw o  genera are vegetatively similar with respec t  to 
lepanthiform (tubular) sh ea th s  of the  ramicaul. The Pleurothallis blaisde/ii, P. 
sclerophylla, P. tuerckheimii, and P. loranthophylla species  com plexes form a clade 
distinguished in this s tudy  by the  absence  of a column foot (character 42) and by a 
variable degree of fusion be tw een  the  labellum and column (character 39). A single 
synapom orphy in six of the  eight m ost parsimonious trees  discovered separa tes  
th ese  tw o  clades. Therefore, this distinction be tw een  the  tw o  clades is considered 
w eak.
Consisting of tw o  terrestrial species Physothallis appears  a s  s ister to  the  
Pleurothallis grobyi complex. Claiming th a t  the  deeply conna te  dorsal sepal is 
insufficient for defining this taxon a t  the  generic level, Luer (1986a) relegated 
Physothallis to  subgeneric s ta tu s  in Pleurothallis. The clade com posed  of the  
Pleurothallis subgen. Specklinia and Stelis is distinguished in this s tudy  by 
differentiated leaf mesophyll (character 18), incum bent anther (character 43), and 
variability in resupination (character 36). Although the  large genus  Stelis 0  500  
species) appears  to  be a natural genus, the  great similarity in floral morphology has
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m ade taxon distinction at the  species level difficult. Pridgeon (1982a) sugges ted  a 
close relationship existed be tw een  Stelis and Brachionidium  on th e  basis th a t  both 
taxa  share  a footless  and bibrachiate column. However, this cladistic analysis 
su g g e s ts  th a t  the  tw o  taxa  represent d isperate e lem ents  in Pleurothallidinae 
(Fig. 6.2).
The large clade com posed  of Dryadella, Masdeva/lia, Porroglossum,
Trisetella, Physosiphon, Scaphosepalum, Platystele, and the  Pleurothallis scoparium  
complex is distinguished in this s tudy by uniseriate velamen (character 30) and 
variabile presence  of spirally thickened idioblasts (character 19). Platystele appears  
as  the  m o st  basal taxon  in this clade. Consisting of approximately 73  species , this 
genus  is distinguished by Luer (1986a) as  having a lateral racem ose  inflorescence 
and ramicauls shorter than  the  leaves. Luer (1986a) considered Platystele closely 
related to  Pleurothallis. Dryadella cons is ts  of about 4 0  species  th a t  formally resided 
in Masdevallia based on superficial similarities (Luer, 1986a). As sugges ted  by the  
cladogram, Dryadella does  not appear closely allied with Masdevallia.
Scaphosepalum  (approximately 30  species), distinguished by Luer (1988) as  having 
a pair of cushion-like osm ophores  positioned on each of the  lateral sepals, appears  
as  sister to  the  Pleurothallis scoparium  complex (Fig. 6 .2). According to  Luer 
(1986a) , Trisetella (approximately 15 species), distinguished by a column with a 
hooded ventral anther, w a s  previously trea ted  as a section of Masdevallia. Results 
from this s tudy  indicate tha t  Trisetella and Masdevallia are closely allied, and the 
t rea tm en t  of Trisetella as  a genus  is justified. Masdevallia (approximately 3 5 0  
species) is distinguished by Luer (1986b) as  having calliferous petals and a lip 
hinged to  a free incurved extension from the  apex of the  column foot. Luer (1987)
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s ta ted  th a t  Porroglossum  resem bles Masdevallia by having short ramicauls and 
sepals  with long tails; how ever, its sensitive labellum sufficiently distinguishes it 
from Masdevallia. The results  of this s tudy  indicate th a t  Masdevallia and 
Porroglossum  are s ister taxa.
The clade com posed  of Acostaea, Salpistele, Brachionidium, Dracu/a, and 
Condylago is distinguished in this s tudy  by having 1-3 adaxial hypodermal layers in 
the  leaf (character 1 5). Pridgeon (1982a) suggested  th a t  Brachionidium  w a s  closely 
allied with Octomeria and is distinguished from Octomeria by the  loss of tw o  
pollinia. However, the  relatively derived position of Brachionidium  s u g g e s ts  the  tw o  
taxa  are d isparate e lem ents in Pleurothallidinae (Fig. 6 .2). Pridgeon (1982a) 
considered Dracula to  be closely allied with Brachionidium and distinguished Dracula 
from Brachionidium  by the loss of four pollinia, perianth specialization, and p resence  
of glandular trichom es on leaf surfaces . This cladistic analysis indicates th a t  
Dracula and Brachionidium are s is ter  taxa  (Fig. 6.2). Acostaea, Condylago, and 
Porroglossum each exhibit sensitive labella. According to  Luer (1987), because  the  
labellum in each of th ese  genera is structurally and functionally distinct, th e s e  taxa 
are not closely related. As suggested  by the  results  of this study , the  sensitive 
labellum arose  independently within each of th ese  three taxa  (Fig. 6 .2). Luer 
(1991), s ta ted  tha t  Salpistele m ay be closely allied with Lepanthes; how ever, he 
considered the  trum pet-shaped  column and lack of lepanthiform sh e a th s  sufficient 
to  distinguish Salpistele as a genus. This cladistic analysis su g g e s ts  th a t  Salpistele 
is s ister to  Acostaea  and th a t  it is not closely related to  Lepanthes (Fig. 6.2).
The results  of this cladistic s tudy  su g g es ts  tha t  the  large genus  Pleurothallis 
is polyphyletic and, therefore, m ay be divided into several genera. One genus
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would be represented by the  P. peduncularis com plex th a t  w a s  segregated  as 
Myoxanthus  by Luer (1992). The m em bers  of this genus  are characterized by well- 
developed ramicauls with scrufy sh ea th s  and short rhizomes. A second  genus  may 
be represented by the  P. alexandrae complex which w a s  elevated to  Myoxanthus  
su bgenus  Si/enia by Luer (1992). Both com plexes occupy a relatively basal position 
within the  subtribe and are far removed from the  more derived Pleurothallis 
complexes. The basis for separating th ese  tw o  closely related com plexes is th a t  
th is  analysis indicates th a t  th e  P. peduncularis complex appears  more closely related 
to  Octomeria than  to  the  Pleurothallis alexandrae complex (Fig. 6.2).
Among the  more derived Pleurothallis com plexes, P. dura and P. ruscifolia 
share  a c lose affinity and occupy the  sam e  clade. Luer (1986a)  elevated the  P. 
dura complex to  Trichosalpinx subg . Tubella. M embers of this subgenus  produce 
short ramicauls, connate  lateral sepals , and ciliate petals. Luer (1986c) placed the  
P. ruscifolia complex in Pleurothallis subg. Pleurothallis sec t .  Pleurothallis subsec t .  
Pleurothallis series  Pleurothallis. M embers of this series produce flow ers borne in 
short-fascicled racem es. Because this complex includes the  type  species , P. 
ruscifolia (Jacq.) R. Br., the  nam e Pleurothallis m ust  be retained. This cladistic 
analysis indicates th a t  both com plexes are more closely related to  o ther genera than  
to  each  other. Therefore, Luer's p lacem ent of the  P. dura com plex within 
Trichosalpinx s e e m s  justified (Fig. 6.2).
The Pleurothallis loranthophylla, P. tuerckheimii, P. sclerophylla, and P. 
blaisdellii com plexes consti tu te  a single clade. Luer (1986c)  placed the  P. 
loranthophylla complex in Pleurothallis subg . Rhynchopera. Luer characterized this 
subgenus  as an easily recognizable hom ogenous group with well-developed
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ramicauls th a t  bear a petiolate leaf; the  simple lip is firmly united to  the  short, 
pedestal-like foot of the  column. The P. tuerckheimii complex is included in 
Pleurothallis subg. Dracontia in Luer's trea tm ent. Its well-developed ramicauls bear 
a tubular sh ea th  near the  middle and are sub tended  by tw o  or th ree  o ther sh e a th s  
a t  the  base; the  lip is thick with erect, thin, wing-like basal lobes. Luer placed the  
P. sclerophylla complex in Pleurothallis subg. Specklinia sec t .  Acum inatae. In tha t  
section , a s  in Pleurothallis subg. Dracontia, tubular sh e a th s  also are inserted on the  
ramicaul. However, the  lip is oblong-ligulate often with a pair of calli; th e  base  is 
simply hinged to  the  s tou t  column foot. The P. blaisdellii complex is placed in 
Trichosalpinx subg. Trichosalpinx by Luer (1986a). That subgenus  is characterized 
by s to u t  ramicauls, free lateral sepals  and petals with entire margins. Because 
th ese  four com plexes are grouped in the  sam e  clade, justification for their 
taxonom ic separation into d iscrete genera is uncertain. If considered a single 
taxonom ic unit, the  clade appears  to  w arran t elevation to  generic s ta tu s  (Fig. 6.1).
Moving tow ard  the  m ost  derived taxa , the  Pleurothallis grobyi complex,
P.subg. Specklinia, and the  P. scoparium  complex sh o w  little affinity and are thus  
logical cand ida tes  for generic s ta tu s  (Fig. 6.2). The P. grobyi complex w a s  placed 
within Pleurothallis subg. Specklinia sec t .  Hymenodanthae by Luer (1986c) . Luer 
described th a t  section as having num erous, closely allied caesp i tose  species  with an 
abbreviated ramicaul and a racem ose inflorescence th a t  is usually longer than  the 
leaf. Pleurothallis subg. Specklinia includes num erous species  characterized by the  
lip hinged to  the  column foot. The column is well developed; its apex covers the  
anther, rostellum, and stigma. Luer placed the  P. scoparium  complex within 
Pleurothallis subg. Scopu/a. He attributed four species  to  the  subgenus; they  are
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characterized by elliptical leaves with a tu f t  of single-flowered peduncles emerging 
from w h a t  appears  to  be the  midrib near the  leaf apex.
The number of pollinia (character 44) is plotted onto one of the  m ost  
parsimonious t rees  to  illustrate character s ta te  changes  (Fig. 6 .3). Equivocal 
branches w ere  resolved by the  MacClade (Maddison & Maddison, 1992) equivocal 
cycling feature. This analysis su g g es ts  th a t  although the  eight-pollinium s ta te  m ay 
represent th e  primitive condition as espoused  by Dressier and Pridgeon, reduction in 
the  number of pollinia did not follow a unilinear series. Instead it appears  th a t  the  
eight-pollinium s ta te  represented by Octomeria, the  two-pollinium s ta te  represented 
by the  P. peduncularis and P. alexandrae complexes, and the  four-pollinium s ta te  
represented by the  grade comprising Restrepiopsis, Restrepiella, Barbose/la, and 
Dresslerel/a all a rose  early in the  phylogeny of the  subtribe. The two-pollinium s ta te  
reappears a s  a parallelism and is represented by m o st  of the  genera and a vas t  
majority of species  within the subtribe. Because Restrepia appears  in a clade 
removed from the  other four-pollinia taxa, its character s ta te  also is considered a 
parallelism. The six-pollinium condition of Brachionidium  represen ts  an 
autapom orphy.
This s tudy  represents  the  first a t tem p t to  bring cladistic resolution to  the  
subtribe Pleurothallidinae. Because the  characters  used in this s tu d y  exhibit a high 
level of hom oplasy and branch nodes on cladogram s are often weakly supported , 
th e  results  of this analysis are considered tentative. Other da ta  to  include 
molecular, cytological, and palynological characters  should be evaluated in order to  
further clarify the  phylogeny of this vast subfamily.
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Pollinium Number
Figure 6 .3  Character-state tree showing the distribution of states for the number of
pollinia (character 4 4 ) for the taxa included in this study.
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SUMMARY AND CONCLUSIONS
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The dissertation presented here offers new  insights into the  sy s tem atic s  of 
Orchidaceae and particularly the  subfamily Epidendroideae. Cladograms discovered 
from both parsimony and maximum likelihood searches  are congruent in tha t  
subfamily Epidendroideae is monophyletic with the  tribe Neottieae as  sister.
W hen unweighted ndhF sequences  are used in parsimony analyses, 
subfamilies of the  Orchidaceae and subtribes of the  Epidendroideae are well 
resolved; how ever, tribal-level relationships within Epidendroideae are weakly 
resolved (Fig. 2.6). This phenom enon may be due to  a large num ber of lineages 
diverging in a short period of evolutionary time. This process may have happened 
so rapidly th a t  either no m uta tions  exist at this level or the  few  m uta tions  th a t  do 
exist convey conflicting ideas of relationships due to  homoplasy. This hypothesized 
radiation m ay have been catalyzed by morphological, physiological, and anatomical 
adap ta tions  tha t  allowed the  epidendroid orchids to  pioneer xeric a rborescent 
habita ts  in tropical regions.
The strict co n sen su s  tree  using just morphological characters  s u g g e s ts  tha t  
the  organismal history is not significantly different from the  gene history for the  
Orchidaceae (Fig. 2.8). Therefore, following the  criterion of Bull e t  al. (1993), 
parsimony analyses  using combined morphological characters  and ndh? s eq u en ces  
is considered appropriate for this assem blage  of taxa. W hen th ese  tw o  da ta  types  
are combined and subjected  to  parsimony analysis, a single tree  w a s  discovered 
th a t  resolved intertribal relationships. As morphological characters  provided the  
da ta  necessary  to  bring tribal-level resolution to  the  subfamily Epidendroideae, it is 
apparent th a t  th ese  characters  are not overwhelmed or "sw am ped"  by the  more 
num erous DNA sequences  characters. However, the  level of confidence in clades
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resolved by these  data  is not high. That is, tribal-level nodes are not resolved with 
a substantia l degree of confidence as  m easured  by the  num ber of unambiguous 
synapom orphies, bootstrap  values, or decay  indices. (Fig. 2.9).
Of the  35  INDELS identified in this s tudy , 2 2  are autapom orphic  and, 
therefore , not informative. Of the  remaining 13 informative INDELS (Table 2 .3), a t  
least four appear to  be homoplastic. Because it is probable th a t  addition-deletion 
m uta tions  m ay recur a t specific sites, and thus  contribute to  hom oplasy in 
evolutionary s tudies (Clegg and Zurawski, 1992), the  branches resolved as a result 
of adding INDELS to nucleotide characters  m ust be viewed with caution (Fig. 2.7).
Sequence  da ta  for the  taxa  included in this s tudy  w ere  also used to  infer 
phylogeny by the maximum likelihood m ethod. In order to  find trees  with the 
h ighest log likelihoods, it w a s  necessary  to  te s t  an array of different transversion 
weighing param eters in separa te  analyses. For this series of analyses, the  jumble 
option (randomization of input data) w a s  not used. For the  data  se t  used  in this 
s tudy , a range of maximum likelihood transversion weighting param eters  te s te d  had 
minimal effect on topologies produced (Fig. 3 .8). To te s t  the  effect of the  jumble 
option on topologies discovered and their respective log likelihood values calculated 
by the  algorithm, maximum likelihood searches  w ere  m ade using a series of jumble 
seeds .  The maximum likelihood jumble seed  value is show n  by this s tudy  to  have 
a significant impact on resulting tree topologies and their respective log likelihoods. 
The results  of this s tudy also sugges t  th a t  several t e s t s  using different jumble seeds  
are necessary  w hen  performing maximum likelihood analyses before the  topology 
with the  highest log likelihood value is discovered.
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O utput produced by fastDNAml (Olsen, 1994) so ftw are  includes a table 
show ing the  length of each tree  branch in units of expected  nucleotide substitu tions 
per site. For each branch segm en t,  confidence limits on their length are supplied. 
According to  Felsenstein (1993), th ese  confidence limits are very rough. Because 
there  is a simplification in how  the  confidence limits are calculated, over confidence 
in the  ex istence of the  branch is the  result (Olsen; pers. com m ., 1994). Therefore, 
supplied confidence limits w ere  not used to  evaluate branch lengths in this study.
In parsimony and maximum likelihood analyses, branch length is considered 
an es tim ated  m easure  of clade stability. Because branch length in parsimony 
analyses  represents  the  num ber of synapom orphies, w hereas  branch length in 
maximum likelihood analyses represen ts  expected  nucleotide substi tu tions  per site, 
the  tw o  m easu rem en ts  are not synonym ous. Therefore, using branch lengths to 
evaluate  clade stability in maximum likelihood analyses is problematic.
In order to  provide an es tim ate  of the  branch length value th a t  may be 
considered to  represent a "significant" level of clade support, all b ranches found in 
the  strict c o nsensus  parsimony tree (Fig. 2.6) tha t  also occurred in the  maximum 
likelihood tree  w ere identified. Because th ese  branches are present in both trees, 
their respective branch lengths (in te rm s of expected  nucleotide substi tu tions  per 
site) m ay be considered to  represent an es tim ate  of clade support  th a t  is more 
"significant" than those  branches not present in both trees. It is acknow ledged tha t  
the  term  "significant" in this sen se  has no statistical basis; however, it does  provide 
a crude es tim ate  of clade support in the  maximum likelihood analysis. Using this 
criterion, maximum likelihood branch-length values th a t  range as  low as .001 are 
considered to  provide this defined level of "significant" clade support.
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Phylogeny inferred from parsimony m ethods  and maximum likelihood 
m ethods  is com pared by examining the  congruence am ong trees  produced with 
each  m ethod. In this discussion, the  maximum likelihood tree  with th e  highest log 
likelihood value (Fig. 3 .3) is com pared to  the  strict co n sen su s  parsimony tree  w here  
only unw eighted ndh? se q u en c e s  w ere used (Fig. 2 .6), and to  the  single parsimony 
tree  discovered w hen  DNA sequences  and morphological cha rac te rs  w ere  combined 
(Fig. 2 .9). Using Oryza (Poaceae) a s  outgroup, both the  strict c o n sen su s  parsimony 
tree  (Fig. 2 .6) and the  maximum likelihood tree  (Fig. 3 .3) su g g es t  th a t  the  subfamily 
Epidendroideae is monophyletic with Listera (Neottieae) a s  sister.
Within the  subfamily Epidendroideae, neither the  cymbidioid nor epidendroid 
phylads (sensu Dressier, 1993) is suggested  to  be m onophyletic by either the  
maximum likelihood tree  (Fig. 3 .3) nor the  parsimony tree  in which DNA seq u en ces  
and morphological characters  w ere  combined (Fig. 2 .9). Although the  cymbidioid 
taxa: Stanhopea and Maxillaria (Maxillarieae), and Cymhidium  (Cymbideae) form a 
clade in both parsimony trees  (Figs. 2 .6 , 2.9) and in the  maximum likelihood tree  
(Fig. 3 .3), in none of th ese  t ree s  does  the  other cymbidioid taxon, Tipularia 
(Calypsoeae) appear closely allied with this clade. Therefore, the  cymbidioid phylad 
appears  polyphyletic.
Vanda (Vandeae) appears  as  sister to  the  core taxa  of the  cymbidioid phylad 
in both th e  maximum likelihood tree  (Fig. 3 .3) and the  parsimony tree  (Fig. 2.9).
Also in both trees, Aerangis (Vandeae), Angraecum  (Vandeae) and Polystachya (Old 
World tribe Epidendreae) form a clade distinct from the  cymbidioid core taxa-Vanda  
clade which su g g e s ts  the  tribe Vandeae is polyphyletic.
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Both the  maximum likelihood tree  (Fig. 3 .3) and the  parsimony trees  (Figs. 
2 .6 ,  2 .9) su g g es t  th a t  the  New World tribe Epidendreae is polyphyletic. In all t rees  
Sobralia (Sobraliinae) rep resen ts  th e  m ost basal elem ent in Epidendroideae and, 
therefore, not closely allied w ith  the  core taxa  of the  New World tribe Epidendreae 
(Arpophyliinae, Laeliinae, Pleurothallidinae, and Meiracyliinae subtribes). The 
phylogenetic relationship of Coelia (Coeliinae, New World tribe Epidendreae) is 
ambiguous. In the  parsimony tree  (Fig. 2 .9), Coelia does  not appear closely related 
to  the  core taxa  of th e  New World tribe Epidendreae; how ever, th e  maximum 
likelihood tree  (Fig. 3.3) s u g g e s ts  Coelia forms a clade with Tipularia (Calypsoeae) 
th a t  is sister to  the  New World tribe Epidendreae core taxa. In the  parsimony tree 
(Fig. 2 .9), Chysis (Chysiinae, Arethuseae) appears a s  s ister to  the  core taxa  of the  
New World tribe Epidendreae. In th e  maximum likelihood tree  (Fig. 3.3) Chysis 
appears  as  s ister to  the  Pleurothallidinae-Arpophyliinae clade. W hether Chysis 
represen ts  a basal taxon in the  New World tribe Epidendreae or s ister to  the  tribe, 
both t rees  su g g es t  this taxon is closely allied with the  New World tribe Epidendreae 
and not with the  Spathog/ottis-Calanthe  (Arethuseae) clade.
In the  parsimony tree  (Fig. 2 .9), Coelogyne (Coelogyneae) form s a clade with 
Dendrobium  (Dendrobieae). Therefore, the  parsimony tree su g g e s ts  th a t  although 
Thunia (Coelogyneae) and Coelogyne are closely allied, the  tribe Coelogyneae is 
polyphyletic. However, the  maximum  likelihood tree  indicates th a t  Coelogyne and 
Thunia form a clade suggesting  the  monophyly of the  tribe Coelogyneae (Fig. 3.3).
In neither the  parsimony tree  (Fig. 2 .9) nor the  maximum likelihood tree  (Fig. 3.3) 
are Dendrobium  (Dendrobieae) and Bulbophyllum  (Dendrobieae) suggested  to  be 
closely allied which s u g g e s ts  th a t  the  tribe Dendrobieae is polyphyletic.
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Although congruent in m any respec ts ,  topological conflicts be tw een  the  
completely resolved parsimony tree  (Fig. 2 .9) and the  maximum likelihood tree  (Fig. 
3 .3) are found w here  branch support is weak.
The approxim ate 1 ,2 0 0  bases  sequenced  from the  3 ' half of the  ndhF gene  
bring a substantial degree of resolution at the  subfamilial level within Orchidaceae 
and a t  the  subtribal level within subfamily Epidendroideae using parsimony and 
maximum likelihood m ethods  of phylogenetic inference. However, m ost  tribal-level 
relationships within Epidendroideae are weakly resolved w hen  m easured by the  
num ber of unam biguous synapom orphies, bootstrap  values, decay  indices 
(parsimony m ethods) or by the  number of expected nucleotide changes per site 
(maximum likelihood m ethods). To bring a more robust resolution to  the  tribal 
relationships in subfamily Epidendroideae, future s tud ies  m ay rely on analyses 
w here  complete ndhF s equences  are subjected  to  phylogenetic inference m ethods. 
However, this approach m ay prove problematic a s  the  5 ’ half of the  gene is highly 
conserved and may provide few  informative charac te rs  (Fig. 2.2). The sequencing 
of different genes  may provide the  bes t  option for resolving th ese  tribal 
relationships. According to  Olmstead and Palmer (1994) there  are 20  chloroplast 
genes  tha t  are sufficiently large (>  1 kb) and w idespread to  be generally useful in 
this type  of study.
An unpublished s tudy  using the  rbcL gene for abou t 70  orchid taxa  has  been 
undertaken by Mark C hase a t the  Royal Botanic Gardens, Kew (pers. com m .,
1993). His preliminary results  indicate tha t  branches are so  short for the  taxa  in his 
s tudy  th a t  internal support is poor in m any cases; therefore, rbcL appears  not to  
bring m uch resolution to  phylogenetic relationships within Orchidaceae . At
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present, another molecular s tudy  has  been initiated for Orchidaceae at Kew in 
which (maturase K) matK seq u en ces  are used for phylogenetic inference purposes 
(Mark Chase pers. com m ., 1994). Although no results  from this project have been 
published, the  m atK  gene m ay provide a better degree of internal support in 
Orchidaceae than  either the  rbcL or ndhF genes. According to  Johnson  and Soltis 
(1994), matK  evolves faster than  rbcL and appears  to  have more phylogenetic 
potential for such  a study.
Not w ithstanding the  generally w eak  resolution ndhF s eq u en ces  bring to  
tribal relationships within subtribe Epidendroideae, this gene is sh o w n  by this s tudy  
to  bring new insights into the  phylogenetic relationships in Orchidaceae and 
subfamily Epidendroideae. Due to  the  conserved nature  of ndhF sequences ,  it 
appears  th a t  this gene may be valuable in resolving angiosperm phylogenies a t the  
interfamilial level. Although the  ndhF gene has been discovered in Marchantia 
po/ymorpha, a liverwort, (Ohyama e t al., 1986), preliminary evidence su g g e s ts  tha t  
this gene is absen t in at least one gym nosperm , Pinus thunbergii, (Wakasugi,
1994). Therefore, use  of ndhF to  help resolve the  relationships b e tw een  the  
angiosperm s and gym nosperm s is problematic. More experim ents  designed to  
d e tec t  w hether  the  ndhF gene is present in o ther gym nosperm s are required. If 
ndhF proves to  be consistently  ab sen t  in the  gym nosperm s, an interesting question 
arises. W hat is the  evolutionary significance of ndhF occurring in liverworts and 
angiosperm s but not in gym nosperm s?  Although this is one of th e  first s tudies to  
use  ndhF sequences  to  infer plant phylogeny, it is apparent th a t  s tud ies  using this 
gene have potential to  yield m ore a n sw e rs  to  questions concerning the  evolution of 
plants.
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APPENDIX A
Velamen types  relevant to  this s tudy  as  defined by Porembski and Barthlott 
(1988):
1) Calanthe type. Velamen usually 3-4  layered w ithout helical thickenings. Cell 
walls often sh o w  relatively small pores. Stabkorper lacking. Exodermis cells 
frequently large and only slightly thickened. Root cortex  a lw ays parenchym atous.
2) Bulbophyllum  type. Velamen one-layered consisting of rectangular radially 
e longated cells. Helical thickenings absen t.  Cell edges  partially thickened.
Stabkorper som etim es  present. Walls of the  exodermis usually strongly thickened. 
Tracheoidal idioblasts are rare.
3) Pleurothallis type. Velamen one to  th ree  layered. In c a se  of multi-layered 
velamen, a small-celled epivelamen is present. In transverse  section, cells 
so m e w h a t  extended in radial direction. Helical thickenings absen t.  Exodermis 
slightly thickened; usually the  outer walls, rarely their whole cell wall. Tracheoidal 
idioblasts som etim es  present in the  cortex.
4) Malaxis type. Velamen one or tw o  layers w ithout helical thickenings. Pores of 
different sizes occur. Exodermis cells often large. Cortex transform ed into a 
pseudovelam en with cell walls reduced to  ledge-like remains. In som e cases ,  a 
normal parenchym atous cortex  is p resent, but it contains a high num ber of 
tracheoidal idioblasts.
5) Spiranthes type. Usually one or two-layered velamen, not differentiated in epi- 
and endovelamen. Helical thickenings rather fine; small pores in unthickened wall 
portions. Cells in transverse  section  not conspicuously e longated. Exodermis with 
slightly thickened walls.
6) Coelogyne type. Usually four to  six layered velamen, no clear differentiation in 
epi- and endovelamen. Walls with relatively m assive  thickenings arranged a s  helical 
bands. Nonthickened portions sh o w  relatively small pores. Granular Stabkorper 
often p resent. Walls of the  exodermis either partially or totally thickened. 
Tracheoidal idioblasts frequently found in the  cortex.
7) Dendrobium  type. Distinction be tw een  epi-and endovelamen often  not clear. 
Cells in transverse  section radially elongated; stabilized by helical thickenings of 
different diameter. Relatively small pores in unthickened portions. S tabkorper and 
trachoidal idioblasts absent.
8) Epidendrum type. Epivelamen cells a re  smaller than  those  of the  endovelamen; 
their latter extended  in radial direction, but not a s  strongly elongated as  the  cells of 
th e  Cymbidium  type  velamen. They p o ssess  thickenings which are frequently fused 
into com posed  ledges. These ledges m ay form a sinuate  pattern  over the  entire cell 
wall, but often they  are characteristically restricted to  the  cell edges. Large pores 
occur and m ay occupy large portions of the  wall. Stabkorper forming ribbed half­
spheres  are occasionally present. Exodermis cells are comm only slightly thickened. 
The cortex  som etim es  contains tracheoidal idioblasts.
9) Cymbidium  type. Distinction be tw een  epi- and endovelam en not a s  clear a s  in 
th e  Vanda type. Cells of the  epivelamen usually smaller than  the  endovelam en 
cells; the  latter extended  in radial direction. They show  a characteristic  shape  in 
tran sverse  section. The velamen cell walls show  thin long-sinuate wall thickenings; 
their regular arrangem ent is a lw ays disturbed by large pores occurring in the  
nonthickened wall portions. T hese  pores may occupy >  50%  of the  cell wall. 
Stabkorper are rare. Exodermis cells are frequently smaller than  velamen cells and
p o sse s s  slightly thickened outer tangential walls. The cortex  frequently contains 
tracheodial idioblasts or is occasionally totally transform ed into a pseudovelam en.
10) Vanda type. Velamen usually three- to  five-layered; differentiated in large-celled 
epivelamen and an endovelam en with cunea te  cells in transverse  section. Massive 
anastom osing  helical thickenings dom inate in the  epivelamen, in particular the  radial 
walls. Unthickened wall portions show  relatively small pores. The walls of the  
endovelam en cells are mostly  thicker than  th o se  of the  epivelamen cells. Cell size 
dec reases  tow ard  the  exodermis. Stabkorper a lw ays absen t.  Exodermis cells are 
often m uch larger than  the  velamen cells. Their outer tangential walls and parts  of 
the  radial walls are slightly thickened. Tracheoidal idioblasts in the  cortex  are 
occasionally present.
11) Unspecified velamen. In a few genera, velamen charac te rs  are unspecific; a 
coordination with any of the  previously described types  is no t feasible.
1 2) Velamen absen t.  Som e taxa  do not develop any velamen. They are 
characterized by a one-layered living rhizodermis and the  absence  of an exoderm is
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APPENDIX B
Seed type  descriptions relevant to  this s tudy  as  developed by Ziegler 
(unpublished) and modified by Dressier (1993):
1. Eulophia type. Club-shaped balloon se ed s  to  thread seeds; whitish to  light 
brown; the  te s ta  cells are distinctly elongate; intercellular spaces  are never present; 
the  cell border is never covered by a folded "cuticle," and m ay be both raised and 
sunken in the  sam e  seed; it m ay be present only as  a small three-layered star  a t  the  
cell corners; definite thickenings are present on both anticlinal and periclinal walls; 
the  marginal ridge may be w arty .
2. Maxillaria type. Dust s e ed s  or oblong dus t  seeds ,  2 5 0 -5 0 0  pm  long; yellowish to  
brownish; the  terminal te s ta  cells are isodiametric or nearly so; although the  cells of 
the  median secto r  are strongly elongate, this sec to r  is usually not more than  tw o  
cells long; a marginal ridge is p resent and is round in section; the  cell border ridge is 
fine and concealed by the  marginal ridges; the  periclinal walls have reticulate or 
longitudinal thickenings; fine w a r ts  or micropapillae m ay be present.
3 . Bletia type. Dust seeds  to  long balloon seeds ,  som etim es  alm ost thread-like; the  
t e s ta  cells are flat trough-shaped in cross  section, show  no thickenings, and are 
a lw ays elongate and com pressed  laterally so  th a t  the  transverse  anticlinals are 
bow ed and project outward; resem bles  the  Limodorum  type (#12).
4 . Dendrobium  type. Short or oblong dus t  se ed s ,  with a total length of 3 0 0 -5 0 0  
pm ; yellow to  orange in color, som etim es  yellowish green or red-orange, rarely 
brownish; the  te s ta  cells all of the  sam e  size and elongate; the  transverse  anticlinal 
walls are strongly bow ed so th a t  the  ends of the  cells are broadly rounded; the
surface of the  seed  is alw ays dull and velvety, th a t  is, covered by very fine warts;  
larger w a r ts  m ay also be present.
5. Vanda type. Dust seed s  or oblong dus t  seeds;  m ay be yellowish, but usually 
brown or blackish brown; length from 3 0 0 -5 0 0  /urn; the  te s ta  cells are a lw ays so 
strongly elongate th a t  the  longitudinal anticlinal walls are in con tac t;  the  surface  of 
the  seed  is m ade up of marginal ridges; a cell border ridge is p resent but m ay be 
covered by the  marginal ridges; periclinal thickenings are not seen; th e  surface may 
bear either micropapillae or w arts .
6. Goodyera type. Generally d u s t  seed s  abou t five cells wide; cells abou t the  sam e  
size throughout; isodiametric or slightly elongate; intercellular sp aces  are prominent, 
especially the  cell corners which m ay be rounded.
7. Elleanthus type. Dust-like kernel seeds  abou t 2 0 0  pm  long. Basal and apical 
t e s ta  cells slightly elongate; medial cells strongly elongate  and tw is ted ,  deeply 
trough-like in section with clear cell-border ridges; periclinal walls with strong, 
longitudinally reticulate thickenings.
8. Pleurothallis type. Dust seed s  from 1 5 0 -3 0 0  pm  long; yellowish or brownish; the  
te s ta  ceils are all th e  sam e  size and distinctly elongate; s e ed s  a lm ost a lw ays 2-3 
cells long; flat marginal ridges are present and alw ays overtopped by a distinct cell 
border ridge; the  anticlinal walls have prominent thickenings; the  s e ed s  m ay be 
covered by w arts  or scales  tha t  are easily soluble.
9. Epidendrum type. Seeds  oblong to  elongate dust-like 5 0 0 -1 0 0 0  pm  long; usually 
pale yellow; all cells similar and distinctly elongate; cell corners are not rounded, but 
prominently acute-angled; anticlinals high, narrow, and sharp-angled; cell border not 
visible; with or w ithout anticlinal thickenings; m ay be verrucose.
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10. Cymbidium  type. A very distinct seed type; a lw ays small balloon se e d s  from 
5 0 0  to  1 0 0 0  pm  long; white, w ith  the  yellow em bryo visible through the  te s ta ;  the  
t e s ta  cells are polygonal or slightly elongate; the  cell border is no t visible; the  cell 
corners  are strongly raised, and each is covered with a small or large w ax  hood; the  
anticlinal and periclinal walls are densely covered by parallel, longitudinal 
thickenings.
11. Stanhopea type. White or brownish balloon seed s  m ore than  500//m  in 
diameter; both the  basal and apical sec to rs  m ay project a s  tiny stalklets; the  te s ta  
cells in the  balloon-like medial sec to r  are all of the  sam e  size and isodiametric- 
polygonal, but the  terminal cells are more or less strongly elongate; the  te s ta  cells 
are not or are incompletely collapsed so  th a t  the  outer periclinal wall s t re tc h e s  over 
the  cell lumen; the  anticlinal walls are reticulate; a sm oo th  marginal ridge is present, 
a s  are cell borders.
1 2. Limodorum  type. Colorless or brownish balloon seed s  abou t 1 .0  mm long and 
0.1 mm wide; the  cells are of th e  sam e  size throughout, isodiametric or slightly 
elongate; the  s e ed s  are abou t 1 5-30  cells long and 10 cells wide, th u s  relatively 
m any celled.
13. Neuwiedia  type. Media! portion of seed coat  pitted, base  and apex  of seed  coat 
inflated, balloonlike, shiny, and light brown; seed  abou t 600/ym long; cell walls of 
balloon sec to rs  thin.
14. Orchis type. Dust seeds ,  light to  dark brown; the  medial cells distinctly 
elongate, the  medial secto r  1-2 cells long; the  terminal cells m ore or less 
isodiametric; distinct parallel or reticulate thickenings are present on the  anticlinal 
walls.
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APPENDIX C
Attribute Character S ta te
1. Glandular trichom es (leaf) (0) A bsent
(1) Limited to  one surface
(2) Present on both  surfaces
2. Epidermal papillae (leaf) (0) A bsent
(1) Present
3. Multicellular mucilage trichom es (leaf) (0) A bsent
(1) Present
4 . Hispid leaf sh e a th s  (leaf) (0) A bsent
(1) Present
5. Cuticle surface (leaf) (0) Sm ooth
(1) Papillose
6. Cuticle th ickness  (leaf) (0) 15-22/vm
(1) 6 -14//m
(2) < 3 //m
7. Epidermal radial wall th ickness  (leaf) (0) >  5-7/ym
(1) 3-5/ym
(2) < 3 //m
8. Epidermal cell wall thickening (0) Differentially thickened
(leaf in transection)
(1) Uniformly thickened
9. Epidermal cell shape (0) Dome-shaped
(1) Not dom e-shaped
10. Level of s tom ata l  appara tus  (leaf) (0) Raised above the  epidermis
(1) Flush with the  epidermis
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11. Mean guard cell length (leaf)
12. Mean stom ata l length/w idth ratio 
(leaf)
13. Epidermal raphide c lusters  (leaf)
14. Epidermal oil droplets (leaf)
15. Number of adaxial hypodermal layers 
(leaf)
16. Abaxial hypodermis (leaf)
17. Hypodermal thickenings (leaf)
18. Mesophyll cell differentiation into 
palisade and mesophyll cells (leaf)
0) 2 4 .9 2  - 3 1 .22jt/m
1) 3 2 .3 9  - 4 0 .46 //m
2) >  40.46/um
0) 0 .9 6 :1 .0  - 1 .0 4 :1 .0
1) 1 .0 6 :1 .0  - 1 .1 5 :1 .0
2) 1 .1 7 :1 .0  - 1 .2 5 :1 .0
3) 1 .2 7 :1 .0  - 1 .3 6 :1 .0
0) A bsent
1) Present
0) A bsent
1) Present
0) 0
1 ) 1 - 3
2) > 3
3) Variable num ber of layers
0) A bsent
1) Present
0) A bsent
1) Present
2) Variable p resence  of 
thickenings
0) Differentiated
1) Scarcely differentiated
2) Variably differentiation
3) Not differentiated
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19. Spirally thickened idioblasts (leaf)
20 . Number of vein series (leaf)
21 . Parenchym atous bundle shea th
22. Sclerotic bundle sheath  (leaf)
23 . Marginal bundle rotation (leaf)
24. Embedded peduncle
25. Cuticle th ickness (stem)
26 . Epidermal cell shape  (stem in 
transection)
27. Sclerotic epidermis (secondary stem)
28 . Sclerotic subepidermal layers
(secondary stem)
29 . Vascular cylinder (stem)
30 . Number of velamen layers (root)
(0) A bsent
(1) Presence of thickenings 
variable
(2) Present 
(0 ) 2
( 1 ) 1
(0) A bsent
(1) Present
(0) A bsent
(1) Presence of bundle shea th  
variable
(2) Present
(0) Rotated
(1) Not rotated
(0) A bsent
(1) Present
(0) 5 - 15//m
(1) <5/vm
(0) Dome-shaped
(1) Not dom e-shaped
(0) Present
(1) A bsent
(0) Present
(1) A bsent
(0) Eccentric
(1) Not eccentric
(0 ) >  2
( 1 ) 2
( 2 ) 1
(3) Variable number of layers
31 . Exodermal thickenings (root)
32 . Cortex (root)
3 3 .  Endodermal thickenings (root)
34 . Number of protoxylem s trands  (root)
35 . Sclerotic pith
36 . Resupination (flower)
3 7 .Relative shape  of perianth (flower)
38 . Sepal fusion (flower)
39 . Fusion of labellum and column (flower)
40 . Labellum sensitivity (flower)
4 1 .  Labellum divided into epichile and 
hypochile (flower)
2 2 9
0) U-shaped
1) O-shaped
2) U- and O-shaped
3) Variably shaped
0) Central large layer
1) Uniform
0) O-shaped
1) Variably shaped
0) >9
1) Variable in number
2 ) <8
0) A bsent
1) Present
0) Resupinate
1) Presence of resupination 
variable
2) Nonresupinate
0) Parts similar
1) Presence variable
2) Parts dissimilar
0) Apices fused
1) Apices not fused
0) Firmly fused
1) Presence of fused labellum 
variable
2) Articulate
0) Not sensitive
1) Sensitive 
0) No
(1) Yes
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4 2 .  Column foot (flower)
4 3 .  Anther position (flower)
4 4 .  Number of pollinia (flower)
4 5 .  Number of s tigm a lobes (flower)
(0) A bsent
(1) Presence of column foor 
variable
(2) Present
(0) Incumbent
(1) Dorsal
(2) Apical
(3) Trum pet-shaped  
(0 ) 8
( 1 ) 6
(2) 4
(3) 2 
(0 ) 1
( 1 ) 2
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